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Abstract
The detection of fatigue cracks at fasteners in the sub layers of multi-layered
aircraft structures can be problematic using conventional nondestructive testing
methods. In this thesis the sensitivity of low frequency guided ultrasonic waves
to detect these defects is studied. Guided ultrasonic waves typically have energy
distributed through the thickness of such structures and allow for defect detection
in all sub-layers, but have wavelengths larger than commonly used in bulk wave
ultrasonic testing.
The model aerospace multi-layered structure investigated consists of two alu-
minium plate strips adhesively bonded using a paste adhesive with a fastener hole.
Guided waves were excited by placing piezoelectric (PZT) transducers on the surface
of the structure. Experimentally the wave propagation and scattering was measured
using a laser interferometer. The wave propagation was studied numerically using
Semi-Analytical Finite-Element (SAFE) calculations and 3D Finite Element (FE)
simulations.
Thickness and width mode shapes of the guided waves were identified from the
SAFE simulations. By placing PZT discs across the width of the structure the
excited flexural wave modes could be controlled to an extent. The thickness mode
shapes of these waves are similar to those in a large multi-layered plate structure. 3D
FE simulations predict a similar amplitude change due to a defect in these structures.
Fatigue crack growth monitoring on tensile specimens was realized, measuring the
amplitude at a single point. The measured changes in the amplitude of the ultrasonic
signal due to a defect agree well with 3D FE simulations.
These investigations found that using low frequency guided ultrasonic waves
defects through the thickness of a hidden sub layer can be detected from measurements
on the undamaged, accessible layer.
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Chapter 1
Introduction
Aircraft structures are subject to various types of loading conditions, mainly during
take-off, landing, and manoeuvring. Such operating conditions can lead to the
development of fatigue cracks in the aircraft structure. Due to the stress concentration
fatigue cracks often initiate at the fasteners connecting multiple metallic layers.
Because of their ability to propagate over long distances, guided waves offer an
efficient way for the Non-Destructive Evaluation (NDE) and Structural Health
Monitoring (SHM) of large areas. Low frequency guided ultrasonic waves, e.g., a
flexural mode similar to the A0 mode, have been shown to be sensitive to fatigue
cracks at fasteners in a single metallic layer [1]. In a multi-layered structure this
type of mode would have energy distributed through the thickness of the structure.
This would allow in principle for the detection of defects in all of the layers. The
topic of the PhD thesis is a preliminary study of the application of low frequency
guided ultrasonic waves for the monitoring of fatigue crack growth at fastener holes
in the different layers of multi-layered aircraft structures.
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Atre and Johnson, 9th Joint FAA/DoD/NASA Aging Aircraft Conference 
Figure 1. Schematic of fuselage lap joint with critical locations [2]
                                
                      
Figure 2. Microscopy of riveted sections in lap joint [3,4]. Evident are the differences in rivet interference, 
deformation of sealant and presence of drill shavings (only present in upper section) 
Motivated by teardown inspections and laboratory non-destructive examinations of the fuselage 
lap joints this research was targeted at analyzing the effect of critical manufacturing process variables on 
fatigue life of the lap joint. State of the art finite element methodologies to model the complexity of 
geometrical configuration and loading conditions for fuselage splices were also implemented.  A goal of 
this paper is to provide aircraft fatigue designers with some insights into effects of riveting process 
variables on the fatigue strength of the lap joint. 
Background
Significant research has been conducted on riveted lap joints without sealant to characterize the 
residual stress state resulting from the riveting process. Experimental techniques have shown limited 
success in providing an accurate representation of the residual stresses at the rivet/skin interface [5-13]. 
Finite element methods have been utilized to observe effects of rivet squeeze force on the resulting stress 
state with some success [5,6,14-18]. Majority of the finite element models are 2-D axisymmetric and 
cannot characterize the unsymmetric rivet deformation resulting from manufacturing process variations 
[19]. Three dimensional finite element models analyzed assume uniform interference and arbitrary 
estimates of clamping constraint provided by the installed rivet [20].  
Figure 1.1: Microscopy of the cross section of rivet hole in a lap joint [4].
1.1 Motivation
Ensuring aircraft safety, while controlling operating costs, is one of the primary
objectives for aircraft companies. A report from AIRBUS [2] stresses this fact,
saying that operating costs such as fuel have little potential for further reduction,
while the maintenance costs can be further reduced in the future. Maintenance
costs could also become a major concern for airlines with aging aircraft fleet, as
the manpow r equired fo inspectio is increasing with the aircr ft’s life. Numbers
given by Sampath indicate that the man-hours required for inspecting and repairing
the damage of an EF-111A fighter increased by 400% during te years [3]. Holes for
fasteners and rivets connecting multiple metallic layers in aircraft structure are some
of the locations where damage like fatigue cracking often appears due to the stress
concentration (figure 1.1). The outcome of a major airframe fatigue test performed
on a Tornado fighter aircraft showed that 70% of the damage on this aircraft resulted
from fatigue cra king in the different structural layers, occurring mostly at f stener
holes, joints, rivets and bolts [5]. Some of the current inspection techniques used for
aircraft maintenance involve time consuming and complex procedures. This can make
such techniques very labour intensive and expensive. Many aircraft structures require
removal of multiple structural components to detect flaws in the internal layers of the
structure [6] by visual inspection. This procedure for the inspection of multi-layered
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aircraft structures is fairly cumbersome, resulting in significant downtime for aircrafts.
Studies by the aircraft industry have demonstrated that an aircraft SHM system
could result in considerable maintenance cost and downtime reduction [7, 8]. For
this reason the PhD thesis investigates the sensitivity of guided ultrasonic waves to
detect such defects, as it could be used in SHM of aircraft structures.
1.2 Non-Destructive Testing (NDT) techniques for
future SHM systems
A brief description of some current NDT techniques for the detection of sub-layer
defects in multi-layered aircraft structure is presented in this section. The aim here
is to show their defect detection capability and to briefly discuss their suitability for
future SHM systems in aircrafts.
The adaptation and integration of current NDT techniques for SHM at damage
critical locations is one way to potentially reduce inspection time and cost [5]. Some
of the most common NDT techniques used for aircraft inspection are ultrasonic
testing (UT) and eddy currents [9]. Other techniques used for the NDT of aircrafts
are vibrational techniques, thermal wave imaging, guided waves, x-rays, and acoustic
emission. According to Boller, of the NDT techniques mentioned above, only a few
were considered to be mature for being used in a SHM system [5]. Two of the NDT
techniques which could potentially be used for SHM in aircrafts are UT and guided
waves. Another NDT technique which can be used in future SHM systems are eddy
currents [2]. One of the requirements for future SHM systems is that they need to
be able to detect defects in the sub-layers of multi-layered aircraft structures [10].
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1.2.1 Eddy currents
An eddy current is an electrical phenomenon generated through electromagnetic
induction [11]. An alternating current in a conductor, such as a coil will create a
magnetic field in and around itself. If the coil is brought close to another conductor,
the alternating magnetic field will induce small currents (eddy currents) in that
material. Eddy currents concentrate near the surface adjacent to an excitation coil
and their strength decreases with distance from the excitation. This phenomenon is
known as the skin effect. The depth from the surface of the conductor where the
current density decreases to 37% from its value on the surface is called skin depth
(δ) and can be estimated using the following equation 1:
δ =
1√
pifµσ
, (1.1)
where µ is the magnetic permeability, σ is the electrical conductivity of an isotropic
material and f is the frequency of the alternating current in the coil.
Currently high frequency eddy currents are used for the detection of surface
cracks in aircrafts with a minimum detectable size (corner crack at fastener holes)
of 0.030 inches (0.76 mm) in aluminium, titanium and steel layers [9, 12]. While
high frequency eddy currents are sensitive to detect surface defects, their detection
capability for buried cracks in thick structures is limited because of the skin depth
which decreases with increasing frequency [13]. By using low frequency eddy currents
the penetration depth can be increased (equation 1.1), making it possible to detect
deep buried cracks in thick structures and in the 2nd layer of a multi-layered structure
[9]. On the other hand low frequency eddy currents can have difficulties detecting
smaller defects. Recent advances in sensor technology, e.g. the development of giant
magnetoresistive (GMR) sensors, has given an extended sensitivity to low frequency
applications [14]. An inspection method using this type of sensors could detect
1The equation is valid for conductors (e.g. steel and aluminium) with σ  ω  ( is the electric
permeability and ω is the angular frequency) [11].
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narrow slots (6.3 mm long) in the lowest layer of a stack of three aluminium plates
with a total thickness of 25 mm [15]. These sensors can be quite large, making them
probably inappropriate for SHM purposes on aircrafts. Eddy currents are restricted
to monitor damage only locally e.g. at fastener holes. Because of the large number
of fastener holes in an aircraft a future SHM system based entirely on eddy currents
could be very expensive.
1.2.2 Ultrasonic testing
In conventional UT (bulk wave), high frequency (0.1 - 10 MHz) sound waves (lon-
gitudinal or shear waves) are utilized for flaw detection/evaluation, dimensional
measurements and material characterization. The most common UT techniques
are pulse-echo and pitch-catch measurements. In pulse-echo measurements, the
transmitter generating the ultrasonic sound waves which propagate through the
thickness of the structure, is also receiving the reflected waves from e.g. flaws or
geometrical boundaries. For pitch-catch measurements one transducer is emitting
ultrasonic sound waves and another transducer is receiving the sound waves [16].
UT on aircrafts (pulse-echo) have a proven track record of detecting cracks [9].
The use of conventional ultrasonic testing techniques for the inspection of a multi-
layered structure requires the presence of a sealant/adhesive between the layers. A
sealant or an adhesive functions as couplant for the ultrasonic energy to propagate
from one layer to the other. Under laboratory conditions and with the presence of
a sealant layer, very small defects (0.64 mm long notch) have been detected [17]
for thickness values up to 120 mm. Past studies have investigated the possibility of
detecting fatigue damage in the 2nd layer of a multi-layered structure using similar
UT techniques. Komsky and Achenbach used bulk shear waves for the inspection of a
bolted DC10 spar-cap/strap connection [18]. Later a group at QinetiQ developed an
inspection technique for 2nd layer detection [19]. However, 2nd layer defect detection
using conventional UT techniques can be problematic if a coupling medium between
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the layers at the fastener hole is inadequate or missing [12, 19]. Similar to eddy
currents, an SHM system based on conventional bulk wave UT has the disadvantage
that only local damage monitoring can be achieved. This would require a dense
transducer distribution for the monitoring/inspection of large areas, making a SHM
system based on these two NDT techniques very expensive. Using eddy currents and
conventional UT at damage critical locations in combination with other techniques
is a more realistic approach in a future SHM system [2].
1.2.3 Guided ultrasonic waves
Guided waves2 are able to propagate along the plane of a plate thus inspecting
an area of such a structure. This technique is offering potential benefits for the
monitoring/inspection of large areas compared to other more localized techniques. A
general review of the guided wave capabilities for inspection which includes aging
aircraft inspection has been given by Rose [20]. One of the discussed aging aircraft
applications is the inspection of adhesively bonded components.
The usage of adhesives in order to bond metallic structures together created a
requirement for the inspection of the bond quality between the bonded metallic
structures. As the testing of large areas using conventional UT techniques can
be very time consuming, guided waves offered an efficient way of inspecting bond
qualities over large areas. Rokhlin [21] et al., Pilarski [22], Nagy [23] and others
have investigated the usage of guided and interface waves for inspecting the strength
of adhesive bonds. Since then more research has been done on the inspection of
adhesive bonds [24] in multi-layered aircraft structure using guided waves. On the
other hand very little work has been done for the detection of fatigue damage in
multi-layered aircraft structures using guided waves.
The understanding of the scattering of guided waves around fastener holes with
and without defects in plate-like aircraft structures can be very important, e.g., for
determining the sensitivity of these waves to defects of different size. This type of
2A review of guided ultrasonic waves is presented in chapter 4.
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studies have been performed mostly on large single layer plate-like structure. These
studies will be reviewed in detail in chapter 6, where the scattering in large single and
multi-layered plates is investigated. The following paragraph reviews some work done
on the possibility of detecting defects at fastener holes in multi-layered structure.
Komsky and Achenbach [18] have investigated the possibility of detecting defects
at holes in multi-layered structures using high frequency guided ultrasonic waves.
Later Quarry [25] investigated how guided waves can be used for detecting 2nd layer
defects in multi-layered structures. The results from these investigations show that a
notch can be detected with this method, but no further investigations were made
to detect defects at fastener holes, where fatigue damage usually develops. The
possibility of detecting fatigue defects at fastener holes in multi-layered structures
using high frequency guided ultrasonic waves (5 MHz) has been investigated by
Lindgren et al. [26]. The results from their work show that defects can be detected,
but the sensitivity for detecting them depends on the interface conditions between
the different layers. For this reason it could be very important to study and identify
guided waves which are insensitive to interface conditions, but on the other hand
are sensitive to eventual defects such as fatigue cracks. The authors also noted that
high frequency guided ultrasonic waves will be attenuated if a material, such as
an adhesive, is present between the metallic layers, thus making it very difficult
to monitor large areas. The selection of appropriate modes is very important in
order to minimize the attenuation of the guided waves for large area inspection in
multi-layered structure. According to Dalton et al., potential modes for large area
inspection of double-layered metallic fuselage structures should have frequencies
below 2 MHz [27]. Guided wave modes are damped out very fast at high frequencies,
making it difficult to inspect large areas.
As mentioned earlier a flexural mode similar to the A0 mode, has energy dis-
tributed through the thickness of the multi-layered structure, making it possible to
detect defects in all of its layers. This flexural mode is also not very sensitive to
changes in the material properties and thickness of the adhesive layer [24]. Utilizing
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such a mode in the low frequency regime could overcome difficulties such as missing
sealant and attenuation. Working at lower frequencies decreases also the number of
propagating modes, thus making it significantly easier to interpret the received signal
[28]. Measuring the guided wave at a few points on the surface of the structure, rather
than measuring with a dense distribution of eddy current sensors or UT transducers,
might offer a way to detect defects in large areas. Guided waves have wavelengths
significantly larger than commonly used in conventional UT techniques. Regarding
this, the wave propagation characteristics of these waves and their sensitivity for
the detection of fatigue cracks in multi-layered structures needs to be ascertained.
This project studies the possibility of using low frequency guided ultrasonic waves
for detecting and sizing fatigue cracks at fastener holes in multi-layered aircraft
structures.
1.3 Objectives
The aim of the research project in collaboration with Airbus UK was to develop a
novel NDT methodology and to demonstrate the application of guided ultrasonic
waves for SHM applications in complex, multi-layered structures, such as aircraft
wings. The further aim would be to tackle the real NDT problem in aerospace
industry of the detection and monitoring of fatigue cracks in the sub-layers of multi-
layered aircraft structures and to demonstrate the proposed novel SHM technology
for aerospace industry.
This PhD thesis studies the sensitivity of guided waves to real fatigue cracks
in multi-layered structures. The specimens used consist of two adhesively bonded
aluminium plate strips with a single fastener hole. The geometry and lay up of these
specimens is locally similar to multi-layered structures with fastener holes found in
aircrafts (e.g., at wings, around windows and doors). In order to study the sensitivity
of guided waves to fatigue cracks in multi-layered tensile specimen, fatigue crack
growth during cyclic loading was monitored. Because of the size and capacity of
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the fatigue machine the model structure was restricted. The type of defect that was
examined was a fatigue crack which grew at a fastener hole in the opposite layer
from where the monitoring was performed (hidden layer).
For these experiments to be successful appropriate excitation and measurement
equipment for guided waves in multi-layered tensile specimens had to be developed.
In order to do this it was important to study and understand the wave propagation
in single and multi-layered tensile specimens. Because of the finite width of these
specimens (additional width modes), the wave propagation is more complicated
compared to large plates. The course of these investigations began by studying
the wave propagation in the single layer specimen before moving on to the more
complicated multi-layered specimen. Different excitation configurations were tried
during these studies in order to excite a single mode. The final setup used for the
fatigue experiments excited and measured low frequency bending modes similar to
the flexural mode in a large multi-layered plate.
For studying the sensitivity of the waves to fatigue cracks, it is important to
understand the interaction of guided waves in these structures with a fastener hole
with or without any fatigue cracks present. Initially the scattering at a fastener
hole in a single layer plate was studied. Having understood the physics behind this,
the scattering in a large multi-layered plate with the same lay up as in the tensile
specimen was investigated. This work was compared to the scattering from the
multi-layered tensile specimens. Fatigue experiments were carried out investigating
the sensitivity and the possibility of sizing defects in multi-layered tensile specimens
using guided ultrasonic waves.
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1.4 Outline of the thesis
The objectives of this research project have been investigated and are presented in
the order given below.
Chapter 2
In this part of the thesis the general experimental setup used for studying the
wave propagation and scattering is shown. Specimen geometries for the single and
multi-layered aluminium plates and aluminium tensile specimens are presented here.
Measurements procedures for the wave propagation in tensile specimens and for
investigating the scattering at a fastener hole in plates and tensile specimens is
explained. A description of the fatigue experiments and the on-line fatigue crack
growth monitoring in multi-layered tensile specimens is given.
Chapter 3
The next chapter describes the Finite-Element (FE) methodology used in this project.
The Matlab program which generates the (FE) mesh and the input files used by the
FE software (ABAQUS [29]) is explained. Important features in this program such
as the Cartesian mesh, meshing of the fastener hole and defect (notch and crack)
are explained in more detail. A general overview is also given for the evaluation
procedure of the obtained results. A brief description of a Semi-Analytical Finite-
Element (SAFE) code which was used to study the wave propagation in the single
and multi-layered tensile specimens is given.
Chapter 4
The main aim of the studies presented here was to understand the wave propagation
in single and multi-layered plate-like structure. Theoretical studies were made on a
single layer plate in order to understand the different wave types that can exist in
such a wave guide. The dispersion curves for the single layer plate are compared to
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the dispersion curves for a multi-layered infinite plate. Dispersion curves and mode
shapes for the single and multi-layered tensile-specimens obtained with the SAFE
code are presented, compared and discussed.
Chapter 5
The experimental results obtained from studies of the wave propagation in the tensile
specimens are shown and described here. The objective of these studies was to
excite the lowest flexural mode, which would produce a uniform incident wave field.
Three different methodologies were examined for isolating this mode in the tensile
specimens. The excitation used for the fatigue experiments in the multi-layered
specimens is described here.
Chapter 6
Results from the scattering at a fastener hole in large plates are presented and
compared to FE simulations. The aim of these studies is to understand the scattering
in these structures. Initially the scattering at a fastener hole with and without a
defect in a single layer plate is studied experimentally and numerically (FE). Similar
studies are carried out for a multi-layered plate. These results are compared to the
scattering in the multi-layered tensile specimen.
Chapter 7
The aim here was to study the sensitivity of guided waves to real fatigue cracks. In
this chapter results from three sets of experiments involving fatigue crack growth
monitoring in multi-layered tensile specimens are shown and discussed. The first
set of experiments is a preliminary study for monitoring fatigue crack growth and
for studying the influence of fatigue cracks on the scattered field in multi-layered
tensile specimens. For studying the repeatability of these measurements a second set
of experiments was performed. The results from the fatigue crack monitoring on 3
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specimens are compared to FE simulations. Similar to the first set of measurements,
a study on the influence of a fatigue crack on the scattered field around a fastener hole
is presented. The same investigations are carried out in the third set of experiments,
but this time the excitation setup is slightly changed compared to the previous set
of fatigue experiments in order to simulate only single sided access to the structure.
Chapter 8
Results from the guided wave propagation and the scattering are summarized and
future work described to continue from this thesis.
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Experimental methods
The aim of the experiments was to investigate and understand the wave propagation
and scattering at a single fastener hole with or without defects in single and multi-
layered structures. Experiments were also carried out to monitor fatigue crack growth
using guided ultrasonic waves in multi-layered tensile specimens. In this chapter the
specimens, excitation setup and measurement procedures used are presented.
The experimental description for the different investigations is presented here in
the same order as the results presented in this thesis. The first part of this chapter
gives a brief description of the general experimental setup [1, 30] used during all
of the experimental studies performed as part of this work. This is followed by a
more detailed description on the setup used to study the wave propagation in the
tensile specimens. A similar description is given for the larger plates which were
used to study the scattering of guided ultrasonic waves at a fastener hole with and
without a defect. In the last part of this chapter the methodology used during the
fatigue experiments is explained. A detail description of the fatigue, excitation and
measurement setup used in these investigations is given.
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Figure 2.1: Typical multi-cycled excitation signal with a centre frequency of 70kHz.
2.1 General experimental information
The phase and group velocities of guided waves are not the same for different
frequencies (dispersion) causing signal distortion as the signal propagates along the
plate. In order to avoid extensive signal distortion a narrowband signal can be
applied, where most of the energy is concentrated around the centre frequency of the
signal. The signal used for the excitation of the flexural waves in the structures used
in this thesis was a narrowband 5 cycle sinusoidal in a Hanning window (figure 2.1).
The excitation frequency (35 - 115 kHz) depended on the desired mode of excitation
and the experiments performed. The signal was defined in Labview and generated
as a voltage signal from a function generator (Aglient 3322 OA) (figure 2.2), which
also sends a trigger signal to the oscilloscope. The signal was amplified (Krohn-Hite
7602 M) and transfered via cable to the excitation transducers, which generated
the guided waves. Guided waves can be generated by different methods. Wedge
transducers and air-coupled transducers are often used to generate guided waves [31].
Although these transducers have been used with success for the generation of guided
ultrasonic waves, PZT discs and plates were found to be the the most convenient
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Figure 2.2: Schematic view of experimental setup
for the excitation of low frequency guided ultrasonic waves. These transducers have
the advantage that their geometrical properties can easily be chosen depending on
the experiment performed and the type of structure and they can be permanently
attached to the structure. The discs were bonded on the surface of the plates
or the tensile specimens using a fast curing two component epoxy based adhesive
(Bondmaster Double Bubble).
The wave generated by the transducer propagates along the plate, but is also
scattered at obstacles (fastener holes, defects and boundaries). The incident and
scattered waves were measured using a heterodyne laser interferometer (Polytec).
The laser beam generated by the sensor head (Polytec OFV-505) had an output
power of less than 1mW. The beam diameter was below 50 µm, allowing for pointwise
measurements of the scattered field. The laser interferometer is moved parallel to
the specimen on a scanning rig, allowing e.g. for the measurement of the scattered
field in the vicinity of the defect or for measuring the wave propagation along and
across the tensile specimen. The laser was connected to a demodulator (Polytec
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Figure 2.3: Single layer aluminium tensile specimen.
OFV-5000 Vibrometer Controller) which processes the measured velocity. The output
signal from the demodulator is a voltage signal with an amplitude proportional to
the out-of-plane velocity component of the surface at the measurement point. The
voltage signal from the demodulator was then bandpass filtered (Krohn-Hite 3988)
around its centre frequency (for 35 kHz: 10 - 60 kHz; for 115 kHz: 80 - 150 kHz).
The signal was averaged (20 - 30 times) and stored in an oscilloscope (LeCroy 9304),
with a maximum sampling frequency of 100 MHz. Finally the signal was transfered
to a PC for further evaluation.
2.2 Wave propagation in tensile specimen
2.2.1 Tensile specimen
Measurements were performed on single and multi-layered tensile specimens in order
to study the wave propagation in these structures. The tensile specimens used
for these studies were 40 mm wide, 600 mm long and 3 mm thick. The material
of the specimens was an 2014-T6 aluminium alloy, with a modulus of elasticity
(E) of 72 GPa, Poisson’s ratio (ν) of 0.33 and density (ρ) of 2700 kg
m3
. These plate
strips were also used for manufacturing the multi-layered tensile specimens. The
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Figure 2.4: Multi-layered tensile specimen.
multi-layered tensile specimen (600 mm x 40 mm x 6.2 mm) shown in figure 2.4
consists of two single layer tensile specimen, bonded together with an epoxy based
adhesive (HYSOL-9394 EA, E = 4.2 GPa; ν = 0.37; ρ = 1360 kg
m3
) [32].
Different manufacturing methods were tried out during the course of this work.
In general all of the specimens were surface treated using sandpaper (600 grit).
Before applying the paste adhesive the surfaces were cleaned using acetone and
ethanol. After the paste adhesive had been applied on both of the surfaces to be
bonded, a pressure load was applied. This pressure load was retained during the
whole curing period, which according to the specifications was performed at room
temperature. The load was applied by clamping the tensile specimens between two
thick steel plates of similar dimensions. Six ties were used across the length of this
steel plates in order to apply the pressure on the tensile specimens. In the first
stage of the manufacturing process, the specimens were manufactured without the
use of spacers to control the thickness of the adhesive layer. Instead the amount
of adhesive needed to obtain the desired layer thickness (0.2 mm) was calculated
and applied on the specimens (specimen 1 - 3). This manufacturing method proved
to be inadequate of producing adhesive layers with the same thickness for different
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Figure 2.5: Thickness for three multi-layered tensile specimens; (a) specimen 4; (b)
specimen 6; (c) specimen 14.
specimens and was therefore changed. To overcome the problem with the adhesive
layer thickness spacers were introduced in the adhesive layer between the tensile
specimen (specimen 4 - 6). Steel wires 0.22 mm thick and about 45 mm wide were
placed across the width and approximately 60 mm away from each other along the
length of the specimen. For one manufactured specimen (specimen 4) the adhesive
did not cure well, so the thickness at the centre (300 mm) was much smaller than
in the rest of the specimens (figure 2.5a). This was probably caused by the fact
that the adhesive was mixed at this location on the specimen. For the remaining
specimens the adhesive was prepared on a separate specimen. For specimens 5 and 6
it was observed that the thickness at the location of the wires (every 60 mm along
the length of the specimen) was slightly larger than in the rest of the specimen.
This lead to a periodical thickness variation along the length of the specimen (figure
2.5b). It was also seen that the ends of the specimen showed the largest difference
compared to the centre, where a more uniform layer was observed. This was most
probably caused by the fact that the amount of adhesive applied at this location
was smaller than in the centre of the specimen. For the remaining specimens to be
manufactured, the wires were cut in to smaller pieces (∼ 3 mm long) and distributed
randomly along the length and width of the specimens. From figure 2.5c (specimen
14) it can be seen that this method resulted in less thickness variation compared to
the previous method (figure 2.5b). For specimens (7 - 14) which were manufactured
according to this method the measured total thickness (averaged along the centre
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of the specimens) was between 6.202 mm (SD: 0.012 mm, spec.14) and 6.266 mm
(SD: 0.044 mm, spec.12). These specimens were used during the fatigue experiments
which are presented in chapter 7.
Even though the obtained adhesive layers did not vary to much, the possibility of
using spacer beads for controlling the thickness of the adhesive layer was investigated.
Spacer beads (Ballotini TM) were used in the specimens which were used during
the last set of fatigue experiments (specimen 15, 16, 17 and 18). The amount of
spacer beads (∼ 0.2 mm diameter) used was about 1% of the amount of adhesive
applied on the specimens. This method produced repeatable adhesive layers with
similar thickness variation to the specimens using pieces of thin wires as spacers. The
average thickness taken along the centre of the specimens was in this case between
6.21 mm (SD: 0.008 mm, spec.15) and 6.225 mm (SD: 0.006 mm, spec.18).
2.2.2 Excitation
In the first part of these investigations PZT plates were used for the excitation of
the guided waves in the single layer tensile specimen. The material of the PZT plate
selected was a Ferroperm piezoceramic (Pz27) polarized in the thickness direction.
The PZT plates were 40 mm wide (same as tensile specimens), 5 mm long and 1
mm thick. In the experiments the PZT plates were placed across the width of the
specimen and 190 - 250 mm away from one end of the specimen. The excitation
signal used in these studies had a centre frequency of 35 kHz.
Multiple PZT discs were also tried out as excitation. The PZT discs used for
the excitation of guided waves in these structures were of the same material as the
PZT plates (Pz27) with a diameter and thickness of 5 mm and 2 mm respectively.
The PZT transducers were glued to the plate using the epoxy based adhesive (2.1).
For the excitation frequencies used in this thesis (35 kHz, 100 kHz and 115 kHz),
the discs are contracting and expanding with an applied voltage, producing a force
normal to the surface under the PZT disc. Previous studies on large plates have
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shown that for similar frequencies which are used in this study, the energy transferred
to the longitudinal mode and the shear-horizontal mode is negligible [1]. The PZT
discs used here will mostly excite the first anti-symmetric guided wave mode since
the operating frequency is well below the cut-off for any higher order thickness modes
for the large plates. In the specimens studied here, this anti-symmetric propagating
wave mode is initially cylindrical, but because of the finite width of these specimens
the wave is undergoing multiple reflections from the sides.
The different excitation setups investigated used initially one, three and five
PZT discs. The single PZT disc was placed 190 mm away from one end of the
specimen and in the centre of the single layer specimen (right in figure 2.6). The
three PZT discs were placed 190 mm away from one end. Two of the discs were
placed symmetrically 4 mm from the sides (black discs in centre figure 2.6), while
the third disc was placed like the single disc in the centre of the specimen between
(black dashed circle in centre figure 2.6) the two discs. For the setup using five PZT
discs, another two discs were added to these three PZT discs. These two discs were
placed 12 mm away from each side respectively.
  
Figure 2.6: Left: excitation configuration on one side; centre: schematic view of
excitation and measurement grid; right: excitation on opposite layer.
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For the last experiments on the tensile specimen, two discs were placed at the
nodes of the unwanted mode (Fx1, figure 4.7) in order to suppress it. The two PZT
discs were placed symmetrically 9 mm away from the sides of the specimen. This
approach of suppressing unwanted modes (T, T1 and Fx1, Fx2, figure 4.9) was also
investigated in the multi-layered tensile specimens.
Two different excitation setups were used in the multi-layered specimens. The
excitation frequency used in this part of the investigations was 115 kHz. The
excitation setup shown in figure 2.6 gave the most repeatable wave propagation. This
setup consists of three PZT discs permanently bonded 190 mm from the end of the
specimen. Two of the discs (black dots in centre figure 2.6) were placed symmetrically
4 mm from the side on the top layer (left figure 2.6) and one disc was placed in the
centre of the opposite layer (right figure 2.6). This type of excitation was used in
almost all of the specimens for the first set of fatigue experiments (Chapter 7), except
of specimen 7 which used a PZT plate (excited at 40 kHz). The same excitation
was used in the second set of fatigue experiments. In the last part of the wave
propagation measurements, the single disc placed in the centre of one layer was
removed (right figure 2.6), leaving only the two discs on the same layer (left figure
2.6). This excitation setup was used in the third set of fatigue experiments (single
sided access).
2.2.3 Measurements
Laser measurements of the guided ultrasonic wave field were taken to study the wave
propagation in single and multi-layered tensile specimens. Measurements were taken
following the experimental procedure described in the beginning of this chapter.
Pointwise measurements of the ultrasonic guided wave field propagating in the
z-direction (length direction) were taken on a Cartesian grid (centre, figure 2.6) every
1 mm in the x-direction (width direction) and 2 mm in the z-direction. Measurements
started 5 - 10 mm away from the excitation and covered 180 - 300 mm for the single
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Figure 2.7: Single layer aluminium plate.
layer and 200 mm for the multi-layered specimen. The measured time series was
transferred to the PC and evaluated using Matlab. Using Fast Fourier Transform
(FFT), amplitude values at the centre frequency of the excitation signal are extracted
for each measurement point. In order to investigate the modes which propagate
these amplitude patterns were analysed further. The location of the fastener hole
for the first set of fatigue experiments was 100 mm away from the excitation. The
fastener hole had a diameter of 6 mm and this was kept constant throughout the
investigations. The fastener holes were drilled in steps of 1 mm starting from
3 mm in diameter up to the final size. In the second set of fatigue experiments the
fastener hole was placed 110 mm away from the excitation. In the last set of fatigue
experiments the fastener hole was placed 30 mm away from the excitation.
2.3 Scattering in plates
Measurements were performed on large single and multi-layered plates in order to
study the scattering at a fastener hole with and without a defect.
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2.3.1 Single and multi-layered plates
The first set of experiments measured the scattered field around a fastener hole
with and without defects. These measurements were carried out on a single layer
aluminium-alloy plate (figure 2.7). The size of the plate was 1500 mm x 1000 mm
with a thickness of 5 mm. Later a fastener hole (20 mm diameter) and a slot through
the thickness of the plate (described in section 2.3.4) were introduced in order to
study the influence of a defect on the scattered field around the fastener hole (figure
2.7).
The large multi-layered plate used in these investigations, consists of two 3 mm
thick aluminium alloy (2014-T6) plates (750 mm square), bonded together with the
same adhesive used for the multi-layered tensile specimens. Spacer beads were used
to control the thickness of the adhesive layer. The amount of adhesive used was
calculated to obtain an adhesive layer of about 0.2 mm. Some extra adhesive was
added because part of it would squeeze out from the sides of the plate. Controlling
the thickness of the adhesive layer was not as easy as for the tensile specimens which
were clamped between two steel plates of comparable size. Because of the size of
the plates it was not possible to do the same as for the tensile specimens. In the
absence of an alternative such as an autoclave or a large press, the pressure load
was applied by placing several weights (20 kg) directly on one plate. Because of
the plate size it was difficult to quantify the quality or thickness of the adhesive
layer. It was observed that at the edges and extending about 50 - 100 mm into the
plate, the adhesive was inadequate or missing. In order to quantify the quality and
thickness of the adhesive layer away from the edges, the plate was taken apart after
the measurements. The thickness was measured in the centre of the plate. At the
measurement locations for the wave propagation (between excitation and fastener
hole) the adhesive layer thickness was found to be between 0.4 - 0.6 mm, which is
thicker than the desired layer thickness. The reason for the thicker adhesive layer
close to the fastener hole (6 mm diameter) and the excitation, is because the amount
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of adhesive applied in the centre of the plate was larger than the amount on the
edges. This and the fact that very little of this adhesive squeezed out towards the
sides, resulted in a very thick layer at this location. At the measurement area for
the scattering experiments around the fastener hole, the thickness variation of the
adhesive layer was between 0.5 - 0.6 mm.
2.3.2 Excitation
A single PZT disc was used for the generation of the guided ultrasonic waves in
the large plates. The PZT disc used for the excitation of guided waves in the
structure was of the same type as the PZT discs used in the tensile specimens. In
these measurements a backing mass (10 mm long brass cylinder, 5 mm in diameter)
was glued on one face of the disc (5 mm in diameter and 2 mm thick). The same
excitation transducer was used in the large multi-layered plate. The disc was placed
270 mm away from the centre of the fastener hole in the single layer plate (figure
2.7). Because of the bad quality of the adhesive layer away from the fastener hole
and attenuation, the excitation transducer was placed closer to the fastener hole
(110 mm from centre of hole, same as for tensile specimens 10 - 14) in the multi-
layered plate. The excitation signal was 100 kHz in the single layer plate and 115
kHz in the multi-layered plate. In both cases the excitation frequencies were well
below the cut-off frequency for any higher order thickness modes for the single and
multi-layered plate (figures 4.1 and 4.2 respectively). At the working frequencies a
propagating cylindrical wave is generated. In addition, if the radius of the fastener
hole is much smaller than the distance between the excitation and fastener hole, the
wave fronts of the generated wave can be assumed to be straight at the fastener hole.
2.3.3 Phase and group velocity measurements
The investigation of single mode propagation in the large plates involved phase
velocity measurements. These velocity measurements may be compared to theory
making it possible to identify the different modes. The wave field was measured at
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two different locations on the plate separated by a small distance from each other
(∆x = 1 mm). By taking the FFT of the two measured signals, the phase velocity
(cp) could be evaluated according to the following equation:
cp(f) = 2pi∆x
f
∆ψ
, (2.1)
where ∆ψ is the phase difference between the two time signals for a certain frequency
f . It must be said here that this equation is only valid when the phase is a linear
function of the propagation distance (x), like in one dimensional wave propagation
or at large distances from the excitation in cylindrical wave propagation in plates.
It is also possible to identify different modes by considering their group velocities.
Group velocity was measured by taking the time ∆t it takes for the signal to travel
between two points were the signals are being measured. The distance between the
two points (∆x = 200 mm) was known. By measuring the time of flight for the signal
envelope from one point to the other, the group velocity (cg) could be calculated:
cg =
∆x
∆t
. (2.2)
2.3.4 Scattering measurements
For the scattering around a fastener hole with or without a defect in the large single
layer plate, measurements were taken pointwise on a radial grid around the hole
every 5o and every 0.5 mm in the radial direction (r = 10.5 mm to 32.5 mm). To
investigate the sensitivity to various defects a 2 mm long notch was initially cut
through the thickness of the plate using a hand-held cutter. Using the same cutting
equipment the length of the notch was increased to 4 mm.
In the large multi-layered plate the measurements were taken on a smaller grid
compared to the single layer plate every 5o and every 1 mm in the radial direction
(r = 4 mm to 15 mm). The defects introduced in the plate were machined with a
thin cutter (1 mm diameter). The machined notch was about 1 mm wide and had a
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length and depth of 2.25 mm, extending partly through one of the layers. Later the
size of the notch was increased to a length of 5.25 mm and through one layer. The
scattered field was measured on the undamaged layer when defects were present in
one of the layers.
2.3.5 Initial scattering measurements on a tensile specimen
Similar measurements were done for a tensile specimen with and without a defect.
Measurements were taken before and after a 6 mm long fatigue crack had grown
through one of the layers and on the opposite layer (undamaged) from where the
crack was located. The scattered field was monitored on a radial grid around the
6 mm diameter fastener hole, every 5o and every 1 mm in the radial direction
(r = 4 mm to 10 mm). The results from these measurements were either displayed
on a circle around the hole or as a colour-coded surface around the hole. Through
these measurements a good understanding of the geometry of the scattered wave
and the influence of a notch or a crack can be gained. The characteristics of the
scattered field around a hole are described in more detail in chapter 6. To study
the influence of a defect on the scattered field in more detail, measurements were
made before and after a notch was cut. The Fourier transformed signals from these
measurements were later subtracted, giving information about the change in the
amplitude pattern caused by the defect. To study the additional wave scattered at
the defect, the complex amplitude difference between the damaged and undamaged
case can be taken [1]. From this study the propagation characteristics of the wave
scattered at the notch can be obtained.
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Figure 2.8: Fatigue setup with specimen in hydraulic clamps and microscope visible.
2.4 Fatigue crack growth monitoring
2.4.1 Fatigue setup
The aim of this work was to look at real fatigue cracks for the defect detection using
guided ultrasonic waves. For this reason fatigue experiments had to be performed
in order to generate these defects. An important design factor for the geometry of
the tensile specimens investigated in this thesis was the size of the hydraulic clamps.
The maximum specimen width, length and thickness which could be fatigued in
this fatigue machine (Instron, figure 2.8) was about 70 mm, 700 mm and 15 mm
respectively. For the fatigue experiments the multi-layered tensile specimens (2.2.1)
were subjected to cyclic tensile loading. A maximum load of 30 kN was selected
so that the maximum stress in the vicinity of the hole is about 90 % of the yield
limit (stress concentration factor Kt ≈ 3.1), in order to remain in the range of elastic
deformation. The cyclic loading was performed with a stress ratio of R = 0.1 and
cycling frequency of 10 Hz. A small starter notch, approximately 0.2 - 0.4 mm long,
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was placed at the corner of the hole at the free surface of the bottom layer to control
the crack location. For the first set of fatigue experiments, the crack length was
measured on the surface of the bottom layer optically using a digital microscope
(resolution: 200 pixels per mm), while applying the maximum load to make the crack
more visible. In the second and third set of fatigue experiments the crack length
was measured both inside the fastener hole (crack depth) and on the surface. After
the crack dimensions had been measured and under this static load a measurement
of the ultrasonic wave field was taken at the monitoring location at the fastener
hole. The crack length was measured by transfering the images captured from the
microscope to PC for further analysis. The measurement of the crack depth which
was initially (second set of fatigue experiments) carried out by inserting into the
fastener a cylindrical rod with a 45o end where a mirror film was glued. A digital
image of the fastener was then taken. This proved to be acceptable to measure the
crack depth when it was almost through one layer, but very difficult to detect the
initiation of fatigue crack growth. For this reason a 45o angle mirror was glued on to
one end of the rod (third set of fatigue experiments). This gave a much clearer view
of the cracks compared to the mirror film which gave a more diffuse view because of
the surface condition of the film.
2.4.2 Excitation and monitoring
For the first set of fatigue experiments the excitation setup consisted of one PZT plate,
excited at 40 kHz (specimen 7). This frequency proved to be too low to detect fatigue
cracks which were about 5 mm long (figure 7.1b) and was therefore changed. The
excitation frequency was increased to 115 kHz for the next measurement (specimen
8), using the excitation setup with the three PZT discs (figure 2.6).
For all of the three specimens fatigued successfully in the second set of fatigue
experiments the excitation setup consisted of three PZT discs (figure 2.6). In the
last set of fatigue experiments the piezoelectric disc on the centre of one layer was
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(a) (b)
Figure 2.9: (a) Tensile specimen with fastener hole (1) and excitation (2); red
rectangle is enlarged and shown in figure (b); (b) schematic view of fastener hole and
fatigue crack location on specimen; measurement grid (dark gray area), measurement
point for single point monitoring during the first set of experiments (red dot) and
second/third set of experiments (black dot); wave propagation in z-direction, used
coordinate system marked.
removed. The excitation setup used in these experiments is described in more detail
in a previous section (2.2.2).
In the first set of fatigue experiments crack initiation was monitored initially every
10 000 cycles. To monitor the influence of fatigue crack growth on the amplitude
of the ultrasonic wave field the cyclic loading was stopped every 1 000 cycles (after
a crack had become visible), the maximum tensile loading (30 kN) was applied to
the specimens to hold the crack and a measurement taken at a single point. For
specimen 7 the monitoring point was on the top layer close to the fastener hole
and in front of the crack (bottom layer). The ultrasonic wave field amplitude was
measured behind the crack (red dot at z = 2 mm and x = 5.5 mm in figure 2.9b)
for specimen 8. After every measurement a digital image of the crack was taken on
the surface of the damaged bottom layer. With this methodology specimens 7 and 8
were fatigued successfully.
Because the initial measurement of the crack length on specimen 8 was done
after the crack had grown significantly, in the second set of fatigue experiments
(specimen 10, 13 and 14) crack initiation was monitored initially after 10 000 cycles
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and there after every 5 000 cycles. At these points a digital image of the crack
(bottom layer) was taken and the ultrasonic wave field was measured on the top layer
in front of the crack (black dot at z = -3 mm and x = 3 mm in figure 2.9b). The
shortest measured crack length and depth was about 0.6 mm. After crack initiation
the cyclic loading was stopped every 1 000 cycles, an image of the crack was taken
followed by a measurement of the ultrasonic wave field taken at the single monitoring
point. In order to get an estimate of the variation (noise) in these experiments,
more measurements were taken prior to crack initiation in the third set of fatigue
experiments. A measurement of the ultrasonic wave field was taken every 1 000
cycles at the same point as in the second set of fatigue experiments from the start of
the fatigue experiments. Digital images of the crack were initially taken every 5 000
cycles and every 1 000 cycles after a crack was visible.
2.4.3 Scattering in tensile specimens
Before the start of the fatigue experiments measurements of the scattered field
were taken around the fastener hole under static tensile loading (30 kN). The same
measurements were performed when a fatigue crack had grown through one of the
layers.
Because of the laser head, which was locked at one position, the wave field could
only be monitored at a single point in the first set of fatigue experiments. For
studying the influence of a bottom layer fatigue defect on the scattered field (top
layer) around the fastener hole, the tensile specimen (specimen 8) was removed
and brought to a machine which applied a static tensile load to avoid crack closure.
Under this tensile loading measurements were taken on a radial grid (dark gray area
in figure 2.9b) on the surface of the opposite layer from where the crack was located,
every 5o in the angular direction and every 1 mm in the radial direction (r = 4 mm
to r = 12 mm). The evaluation procedure used in these investigations to study the
scattering was the same as for the large plates described earlier.
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For the second and third set of fatigue experiments a modification was done on
the monitoring setup used for studying the defect influence (bottom layer) on the
scattered field around the fastener hole. A scanning rig for the laser was set up close
to the fatigue machine, allowing for the scanning of the specimens while clamped.
Before fatiguing, measurements were performed while the maximum tensile load was
applied to the specimens (30 kN). Measurements of the ultrasonic wave field were
taken on a radial grid (dark area in figure 2.9) every 5o in the angular direction and
every 1 mm in the radial direction (r = 4 mm to r = 15 mm) on the surface of the
undamaged top layer. These measurements were repeated after a crack had grown
in the bottom layer.
Figure 2.10: Digital image of a multi-layered tensile specimen (specimen 10) taken
apart after the fatigue experiments. The image shows a 6 mm long crack at the
fastener which grew in one layer and an area of possible adhesive damage (black
ellipse) on the opposite layer.
2.5 Visual inspection of adhesive layer
after fatigue testing
After carrying out the fatigue experiments some of the specimens were opened for
a visual inspection of the adhesive layer. By eye it could be seen that there was
some evidence of changes in the adhesive layer (black ellipse in figure 2.10) at the
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crack location in one of the specimens (spec.10). An optical microscope was used to
study the adhesive around the fastener hole in more detail. The optical microscope
revealed a crack like damage (∼ 2 mm long) in the adhesive and at the edge of the
fastener (slightly visible in figure 2.10). The rest of this area did not show this type
of damage. Instead it showed a void like surface pattern which was different from
the surface conditions in the rest of the specimen. This pattern (dark patch inside
black ellipse in figure 2.10) has about the same length as the defect (indicated in
figure 2.10) suggesting that this change might have been caused due to the stress
concentration close to the crack-tip.
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Finite-Element (FE) analysis
In many engineering and research situations one finds it necessary to get approximate
numerical solutions to various problems when analytical solutions do not exist. As no
analytical solution exists for the wave propagation and scattering of guided waves in
multi-layered structure, it was chosen to use ABAQUS [29], a commercial FE software
package for the numerical study of the guided wave propagation and scattering in
these structures. This FE package has been successfully used to study guided wave
propagation by other research groups (e.g. Imperial College NDE Group) and is
together with two other FE packages (ANSYS and COMSOL), the most used for
these type of studies. Other approximate numerical analysis methods which have
been used for this type of guided wave propagation studies in plate structures over the
years are the Finite-Difference [1] and Boundary-Element method. These methods
have not been extended in a commercial software package to a very large degree for
guided wave propagation problems. In the first part of this chapter the main features
of the FE model used in this thesis are presented and discussed. For obtaining the
wave propagation characteristics for the single and multi-layered tensile specimens a
Semi-Analytical Finite-Element (SAFE) code was used [33].
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3.1 Matlab code for FE model
During the course of this thesis a large number of FE simulations were performed,
studying the guided wave propagation in tensile specimens and the scattering at a
fastener hole in a large plate. For this reason it was important to automate and
reduce the time to run the simulations. This was done by using a Matlab program to
generate the input files automatically (text files containing the FE mesh, excitation
and monitoring points), instead of using the more time consuming graphical interface
(ABAQUS/CAE [29]) to generate these files. Different to the graphical interface
which generates an irregular mesh for the type of structure studied here, the Matlab
code can generate a Cartesian mesh. An advantage of this constant mesh is the
obtained control over the node numbers which makes it easy to generate defects
(notch, crack), but also to place monitoring points at the desired locations.
By giving input parameters, e.g., the element size, the diameter of the fastener
hole and the length of the crack, the Matlab code can very quickly create different
FE models. In the program, the dimensions of the plate, the size and location of the
fastener hole, the size of defect and the size of the elements are defined. The defect
can be modelled as a notch, by giving its width, length and depth. Later the code was
changed so a zero width crack through one layer could be modelled. The monitoring
areas, the excitation and the type of analysis performed are defined in the program,
which writes this information to an input file using specific commands (input file
commands, [29]). A similar Matlab based code was developed to automatically
post-process the results obtained from the FE solver (ABAQUS/Explicit). The main
features of the FE model such as mesh, excitation and evaluation procedure are
described here next.
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Figure 3.1: Cartesian mesh for a plate with a hole and a notch.
3.2 FE mesh
Meshing structures like the tensile specimen presented in chapter 2 using the graphical
interface can often result in an irregular mesh. A disadvantage with such a mesh
is the lack of control of the element size which can result in numerical dispersion
(phase velocity variations caused by an inadequate mesh), if the elements are too
large compared to the wavelength of the guided waves or if the time step used is
too large for some elements. The irregular node numbering could also make the
positioning of monitoring nodes e.g., on a circle for monitoring the scattered field
around a fastener hole very difficult. The geometry of the studied structure was
approximated by a Cartesian mesh (figure 3.1). A Cartesian approximation of a
fastener hole has been used successfully by other authors [1] for similar studies to
those presented in this thesis. From these investigations it was observed that if a
sufficient number of elements are used across the diameter then this approximation
is adequate. The resulting node distribution gave complete control of the node
numbering, allowing e.g., for positioning of monitoring points at the desired locations.
The element size which is determined by the input parameters gave complete control
over the dimension of the elements, allowing for the simple calculation of the time
step needed for a convergent solution [34].
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Figure 3.2: (a) Location of side nodes and their node numbers (FLHS and FRHS) on
a single layer specimen; (b) nodes located on the front face of a single layer specimen.
3.2.1 Node generation
A very simple geometry is used in the following example aiming to describe the
node and mesh generation used during the course of this thesis. After the input
parameters (length, width and thickness of the structure and element size) have been
given, the program generates equidistant nodes which are written out in the input
file. Node number 1 was always placed at the origin (FLHS, figure 3.2a). In the
thickness direction the node numbers were increasing by one. Nodes were defined on
the same face, but on the opposite side at the right corner (node 81 to 83 FRHS 3.2a).
Similar to the front face (figure 3.2b) of the specimen the corner nodes were defined
for the rear face. The front and rear face could be populated with nodes (figure
3.2b) after the sides (FRHS, FLHS 3.2a) had been defined. The remaining nodes
were generated by filling the area separating the front face and the rear face (figure
3.3). In this way all of the nodes were generated for one layer. For the multi-layered
structure, this procedure was repeated for the adhesive layer and the second layer.
The main advantage of the method used here is that the node number increment is
known in each direction, thus making it very easy to calculate the node number at a
certain location.
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83183
Figure 3.3: Nodes of the Cartesian 3D-mesh for a plate with a square hole.
3.2.2 Element generation
After the nodes had been generated it was possible to define the mesh. The Cartesian
mesh which was used for the simulations throughout this project consisted of linear,
8-node, 3D rectangular elements (C3D8R, [29]). In the example shown here, which
aims to illustrate how the meshing was carried out, a very simple geometry is used.
The initial steps of the meshing involve the plate regions which is to the left of the
fastener hole (figure 3.4). The meshing of this part of the structure was done by
initially defining a single element (element 1 for the left part in figure 3.4) and by
thereafter automatically meshing the region up to the left boundary of the hole. The
part to the right of the fastener hole was also meshed. For the multi-layered structure
elements were also created for the adhesive layer and the second layer. In this way
three different parts were defined in the FE model. These parts were connected by
tying their nodes together on the interface of the connected parts.
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Figure 3.4: Cartesian 3D-mesh for a simple plate with a square hole.
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Figure 3.5: Cartesian mesh and nodes (red dots) at a fastener hole (ro = 6 mm) in
a single layer tensile specimen; points (blue dots) on the real boundary of the hole
(black circle) used for calculating the number of elements (0.5 mm x 0.5 mm x 0.75
mm) needed for the Cartesian approximation of the fastener hole.
3.2.3 Meshing of fastener hole and notch
After the mesh at both sides of the hole has been constructed, the program generates
the mesh for the part with the fastener hole. To illustrate this, a different structure
than the plate with the square hole (figure 3.4) is presented in this section. The
structure is the single layer tensile specimen (600 mm x 40 mm x 3 mm, chapter 2),
with a 6 mm diameter fastener hole in the middle of the plate (300 mm, 20 mm).
The fastener hole (black circle figure 3.5) for this specimen is approximated by the
Cartesian mesh (figure 3.5). For the tensile specimen 12 elements (0.5 mm x 0.5
mm x 0.75 mm) were used across the diameter of the fastener hole. The number of
elements needed from the bottom edge of the plate up to the approximated hole
boundary are obtained by calculating the vertical distance (dashed black line in
figure 3.5) from the bottom of the plate to the blue points on the black circle in
figure 3.5 which illustrates the physical hole boundary. This was done across the
diameter of the fastener hole. In the case of a notch, elements were removed from
the mesh at the location of the fastener hole (figure 3.1). Only a notch perpendicular
to the grid direction could be modelled with this code.
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a) b)
Figure 3.6: Cartesian mesh of fastener hole (ro = 6 mm) and crack; initially generated
nodes (blue dots) and extra nodes for constructing the crack (red dots); (a) top view;
(b) side view; only a single column of extra nodes is seen on the inner hole surface.
3.2.4 Modelling of crack
This code is built on the previous code which generated the notch by removing
elements. Input parameters such as the width and length of the crack are given in
the Matlab code. Having specified these parameters the code will generate the crack
automatically. Seen in figure 3.6 is a 4 mm long, 0.2 mm wide through crack in the
single layer tensile specimen. The crack was generated by initially introducing extra
nodes (small red dots in figure 3.6) at a certain distance (depending on crack width)
from the previous notch boundaries (large blue dots in figure 3.6 a and b). Elements
were generated, connecting only to one side of the initial notch. With this code it
was possible to model a zero width crack. For the multi-layered specimen the crack
was only modelled completely through one layer (figure 3.6 b). The element size
was not changed at the crack tip which might miss the stress concentration at this
location.
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3.3 Excitation
Input parameters for the excitation are the coordinates, the direction and magnitude
of the excitation force which are defined at the end of the code for different types of
excitations. The PZT discs used in the experiments were modelled as out-of-plane
point forces. For the large plates, which used one PZT disc, a single point force was
used. This had previously been shown to be a good model for large plates [1]. In
the fatigue experiments the three PZT discs used for the excitation (centre figure
2.6), were modelled by two forces with the same phase and amplitude at the location
of the two discs on one layer (left figure 2.6) and with one point force of the same
amplitude, but 180 degrees out-of phase at the centre of the opposite layer (right
figure 2.6).
3.4 Monitoring
In the investigations of the wave propagation on the tensile specimen, nodes were
monitored on the surface area of the specimen. The nodes were placed on lines spaced
equidistant across the width of the specimen. The spacing between nodes on the lines
and the spacing between the lines could be defined as required. The measurement
grid used in these studies was the same as in the experiments (section 2.2.3). For
studying the scattering, monitoring points were located on a circle around a fastener
hole (figure 3.7). The centre of the circle, its radius and the number of monitoring
points around the circle (white dots figure 3.7) could be defined. The number of
monitoring points depended on the required resolution. For the comparison of the
scattered field obtained from the FE simulations to the experiments, monitoring
points had to be placed on a concentric circle around the hole. These points do not
normally coincide with a node in the FE mesh. For this reason in order to evaluate
the displacement at each monitoring point (figure 3.7), the four closest nodes (red
dots figure 3.7) were calculated. In figure 3.7 it is possible to see that these four
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Figure 3.7: Monitoring nodes for a circle around a fastener hole.
nodes that are being monitored during the simulations form a square containing the
monitoring point on the circle. The out-of-plane displacements of all of these nodes
in the FE mesh were monitored throughout the simulations. The obtained results
were then Fourier transformed. The amplitude for the four nodes was evaluated
at the excitation frequency and bilinear interpolation was used for the calculation
of the amplitude at the monitoring point. These steps were repeated for all of the
monitoring points around a circle in order to obtain the total scattered field on a
circle around a hole. The total scattered field around the hole could be obtained by
repeating this procedure for circles with increasing radii, forming a radial grid similar
to the experiments (2.3.4). All of the evaluations were carried out automatically
using a Matlab program.
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3.5 Element size and time step in FE simulations
This section discusses the element size and time step criteria used in the FE simula-
tions which were carried out during this thesis.
3.5.1 Spatial stability
8-node rectangular elements were used in the FE-simulations presented here. In
all cases the element size was determined from the shortest wavelength within the
bandwidth of the excitation. A rule of thumb which has been used by other authors
[35, 36] for FE simulations and which ensures accurate modelling (FE) is as follows:
λ
8
≥ L. (3.1)
This condition states that the smallest number of elements needed to approximate
the shortest wavelength within a bandwidth is about 8. This criterion gives an
element side (L) of about 2.5 mm for the single layer plate and about 2 mm for
the multi-layered plate and tensile specimen. The sides of the elements used of the
FE simulations were 1 mm x 1 mm x 1.25 mm for the single layer plate, 0.75 mm
(cubic) in the large multi-layered plate, and 0.5 mm x 0.5 mm x 0.75 mm were used
for the multi-layered tensile specimen. This can seem a bit too small, requiring
unnecessary computation time, but an acceptable approximation of the fastener hole
needs small enough elements. In the multi-layered tensile specimen 12 elements were
placed across the diameter of the fastener hole. For the large multi-layered plates 8
elements were used across the fastener hole. Finally, for the single layer plate, 20
elements were placed across the fastener hole. The number of elements placed across
the diameter of the fastener proved to modell the interaction of the guided waves
with the fastener hole quite accurately (see chapter 6). More details about the mesh
(e.g. element size in adhesive) in these structures is given in chapter 6, where the
results from these simulations are presented.
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3.5.2 Temporal stability
To ensure that the explicit algorithm is stable [29] the time step used must satisfy
the stability criterion stated e.g., by Cook [34]. To be on the safe side, 80 % of that
criterion was used:
∆T ≤ 0.8α
cp
. (3.2)
The stability criterion states that the time step (∆T ) must be smaller than the time
it takes for the fastest wave to cross the shortest distance between adjacent nodes
(α), where cp is the phase velocity of the fastest propagating wave [29, 34]. The time
step used for the calculations with 1 mm elements (large single layer plate) was 10−7s
and 10−8s for elements with 0.5 and 0.75 mm sides (multi-layered). This time step
satisfies also the stability criterion in the adhesive layer, where the smallest distance
between nodes in the adhesive layer elements (thickness) is 0.1 mm, but the speed of
the fastest wave is smaller than in the adherents. The required stability limit in this
case is about 7 · 10−7s.
3.6 Influence of element size on phase and group
velocity calculations in FE simulations
It is known that the element size in FE calculations influences the phase and group
velocities of the guided waves. For this reason simulations were performed in order
to study how the element size is influencing the accuracy of the calculated phase and
group velocities.
The case of study was the first anti-symmetrical guided wave mode (A0), which
is similar to a flexural mode, in a 10 mm thick steel plate. The elements used
here where 3D brick elements (cubic, 1 mm). The plate was 500 mm (square)
and boundary conditions were used on the side of the plate allowing only in plane
motion that is motion parallel to the side surface (symmetry boundary conditions).
The excitation signal was a five cycle sinusoidal signal in a Hanning window. The
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Element size cp cg Rela. error cp Rel. error cg
5 mm ∼ λ/5 1.030 m/ms 2.08 m/ms 56 % 35 %
2.5 mm ∼ λ/10 2.335 m/ms 3.07 m/ms 0.8 % 4 %
1 mm ∼ λ/24 2.346 m/ms 3.10 m/ms 0.4 % 3 %
0.5 mm ∼ λ/47 2.349 m/ms 3.14 m/ms 0.34 % 1.5 %
Table 3.1: Phase and group velocities for different element sizes.
excitation frequency was 100 kHz, which gives a frequency thickness of 1 MHz mm.
Theoretical values of the phase and the group velocity for this frequency thickness
are 2.36 m/ms and 3.20 m/ms respectively. The velocities of the guided ultrasonic
waves were measured according to the procedure described in section 2.3. The time
step was held constant through the simulations. The magnitude of the time step
was chosen as 10−8s, which is enough to fulfill the stability criterion for all of the
element sizes. The results obtained were very close to the theoretical values for both
the phase and group velocity. By increasing the number of elements, the evaluated
velocity tends toward the theoretical value. This fact indicates that the solution is
converging to the real solution [34]. Using a very small element size requires more
computational power and longer computational times. Regarding this it is convenient
to use elements that are approximating the geometry well and that produce accurate
results, but without increasing the computational times significantly.
3.7 Semi-Analytical Finite-Element (SAFE) cal-
culations
The aim of the SAFE calculations was to study the wave propagation characteristics
of the guided waves propagating in a structure with a rectangular cross section
(tensile specimens).
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Figure 3.8: Top: 2D FE mesh of cross section (40 mm x 6.2 mm) for the multi-layered
tensile specimen used in the SAFE-code; element size: 0.5 mm x 0.5 mm (alum.), 0.2
mm x 0.5 mm (adh.); bottom: flexural mode (Fx1, chapter 4) at 115 kHz obtained
from SAFE calculations; geometry (black lines), deformed shape (colour plot).
3.7.1 Previous work
Most of the early theoretical work of guided waves in plates of finite width was done
by Morse, Mindlin and Fox. Morse [37] studied the propagation of longitudinal waves
in isotropic rods with a rectangular cross section, while Mindlin and Fox [38] studied
the flexural waves that can propagate through an isotropic bar of rectangular cross
section. Other early work on the wave propagation in this kind of structure was
carried out by Nigro [39] and Aalami [40]. Most of the work mentioned above was
carried out on structures with fairly simple shapes of the cross section. Since the
theoretical analysis of the wave propagation in more complicated structures is often
very difficult, a new technique called the SAFE method was developed [41]. With
this methodology it is possible to analyse the wave propagation in a structure with
complex cross section. In SAFE a 3D wave problem is simplified to an equivalent
2D problem by assuming a wave propagation along one direction. The cross section,
i.e, the section normal to the direction of wave propagation, can then be discretized
using 2D FE elements (top figure 3.8). From the numerical solution of the eigenvalue
problem for the 2D cross section, the corresponding wavenumbers and mode shapes
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are calculated for each frequency. Work on the propagation of guided waves in plates
with rectangular or arbitrary cross section based on SAFE methods was done by
Taweel et al. [42], Hayashi and Rose [43] and Mukdadi et al. [44]. Mukdadi’s work
which is closely related to parts of the work presented in this thesis (wave propagation
in multi-layered bars) was based on such a SAFE model applicable to an arbitrary
number of layers. The work done in this thesis for calculating the dispersion curves
is based on a similar SAFE model.
3.7.2 SAFE code
The dispersion diagrams and mode shapes for single and multi-layered tensile speci-
men were obtained using a SAFE code developed at the University of Bordeaux [33].
The authors used a commercial FE software (COMSOL) with a similar eigenvalue
formulation and modified the governing equations to agree with the formulation used
in the FE software. In this way they could express the coefficients of the eigenvalue
equations in the FE software in terms of the known density and complex elastic
constants. By numerically solving the eigenvalue problem for the 2D cross section,
the corresponding wavenumbers and mode shapes are calculated for each frequency.
For calculating the dispersion curves of the single and multi-layered structure
the 2D mesh was created in COSMOL (top figure 3.8). In the single layer tensile
specimen (3 mm thick, 40 mm wide) 4-node square linear elements were used
(0.5 mm x 0.5 mm). The same elements were used in the adherents (aluminium) of
the multi-layered specimens, while due to the smaller thickness, the element used in
the adhesive layer were 0.2 mm thick and 0.5 mm wide. Smaller elements were tried
through the thickness (0.1 mm), but no significant improvement of the accuracy
of the results was seen. After the geometry and mesh of the specimen had been
defined it could be imported in to the SAFE code which calculated automatically
the dispersion curves and mode shapes (bottom figure 3.8) for these structures by
numerically solving the eigenvalue problem for the 2D mesh and the corresponding
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wavenumbers and mode shapes are calculated for each frequency. For distinguishing
the different mode types a Matlab based code was developed during the course
of this thesis. This code evaluated the displacements at different locations of the
specimen and depending on their magnitudes and directions different mode types
were identified. In the next chapter results from the wave propagation in single and
multi-layered tensile specimens using this SAFE code are presented and discussed.
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multi-layered plates
In the first part of this chapter the dispersion curves for a single layer aluminium
plate are presented. After the theory of guided waves in a single layer plate has
been discussed, the wave propagation in a multi-layered infinite plate is analysed.
Dispersion curves and mode shapes are shown for a multi-layered plate, which are
later compared to the results obtained for the single layer aluminium plate. In
the last part of this thesis the wave propagation in single and multi-layered tensile
specimens is presented and analysed.
4.1 Large plates
A waveguide is a component with two or more parallel boundaries which ”guide”, e.g.
sound waves in the direction of the waveguide layer. Some of the earliest work on
guided waves is from Pochhammer [45] who studied the wave propagation in a rod.
Later Rayleigh [46] and Lamb [47] derived the theory for guided waves propagating
in an isotropic plate of infinite extent. Early studies of the wave propagation in
multi-layered structures were carried out by Thomson [48] who studied the wave
propagation in multi-layered media for seismological applications. Later Knopoff
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Figure 4.1: Dispersion curves for a 5 mm thick 2014-T6 aluminium plate.
[49] developed the global matrix method for elastic wave problems in multi-layered
media, in which a large single matrix is assembled. Modal solutions of the single
matrix describe the properties of the wave propagation in the multi-layered structure
that is being studied. A review of general matrix methods for calculating dispersion
curves in multi-layered structures with particular interest to ultrasonic applications
has been presented by Lowe [50]. Basic physics and wave mechanics including the
calculation of dispersion curves of guided waves in single and multi-layered plate
structure can be found in a textbook published by Rose [51].
4.1.1 Single layer plate
During the PhD studies a commercial programme (Disperse) [52] was used to derive
dispersion curves for single and multi-layered plates of infinite extent. This program
has been developed at Imperial College and is based on matrix methods. Initially
dispersion curves were obtained for a 5 mm thick aluminium plate (section 2.3). The
red curves obtained from Disperse are the symmetrical modes, while the blue curves
are the anti-symmetrical curves (figure 4.1). The lowest modes propagating in this
structure are the lowest anti-symmetrical (A0) and symmetrical modes (S0). The
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rest of the curves correspond to higher order symmetric and anti-symmetric modes.
In chapter 6 the detection of defects in a single layer plate was investigated using the
first anti-symmetrical mode A0 at a frequency thickness (0.5 MHz mm) region below
the cut-off for higher order modes. The dominant displacement of the A0 mode is a
motion in the thickness direction of the plate. For low frequencies the out-of-plane
motion of the A0 mode becomes a pure bending wave, while for higher frequencies
rotary inertia and shear motion become important [53]. In the next section some
results will be presented of a study made on the wave propagation of guided waves
in a multi-layered plate.
4.1.2 Multi-layered plate
The multi-layered plate studied, had a total thickness of 6.2 mm and consists of two 3
mm thick aluminium adherents (2014-T6) bonded by a less stiff 0.2 mm thick adhesive
layer (HYSOL [32]). The dispersion curves in figure 4.2a show similar characteristics
to those for a single layer plate (figure 4.1), with symmetric and anti-symmetric
propagating modes. In an infinite multi-layered plate, consisting of two metallic
plates with a weaker adhesive or sealant layer, a bending mode similar to the A0 mode
exists. For frequencies close to the used frequency (115 kHz, frequency thickness:
∼ 0.7 MHz mm) the dominant out-of-plane displacement of this A0-like bending
mode does not vary much through the thickness (figure 4.3b), similar to the A0 mode.
Due to the lower stiffness of the adhesive there is a strong shear motion in the bond
layer for higher frequencies (figure 4.3b). Figure 4.2b compares the dispersion curves
for the A0-like mode in a multi-layered plate (solid, figure 4.2b) with the A0 mode in
a single layer plate with the same thickness (3 mm) as one of the adherents (dashed,
figure 4.2b) and a single layer plate with a thickness (6.2 mm) equal to the total
thickness of the multi-layered plate (dotted, figure 4.2b). From this figure one can see
that the A0-like mode for the multi-layered plate and the A0 mode in a single layer
plate which has the same total thickness as the multi-layered plate, agree well with
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Figure 4.2: (a) Dispersion curves for an infinite multi-layered plate obtained with
Disperse; A0-like mode (solid), S0-like mode (dash-dotted), A1-like mode (dashed),
S1-like mode (dotted); (b) dispersion curves for the lowest flexural modes in multi-
and single layer plates; A0-like mode (solid), A0 mode in 3 mm thick alu. plate
(dashed), A0 mode 6.2 mm thick plate (dotted).
each other for low frequencies (below 50 kHz). The mode shapes (20 kHz) for the
multi-layered plate and the 6.2 mm thick single layer plate are shown in figure 4.3a.
It can be seen that both in-plane and out-of-plane displacements agree very well at
this frequency, suggesting that this type of multi-layered plate is bending similar to a
single layer plate (same thickness). The dispersion curve of the A0-like mode in the
multi-layered plate and the A0 mode in a 3 mm thick single layer plate show good
agreement for higher frequencies [54]. Good agreement is found in the out-of-plane
mode shapes (500 kHz) in the adherents for the A0-like mode and the A0 mode in a
single layer plate with the same thickness as one of the metallic layers (figure 4.3c).
Because of the resistance caused by the adhesive layer, the in-plane motion at the
interface between the adhesive and the adherent in the multi-layered plate (figure
4.3c) is slightly smaller than the corresponding motion in a single layer (figure 4.3c).
Overall there is a good agreement for the motion for these two structures suggesting
that the wave propagation in a multi-layered structure at high frequencies is similar
to the guided wave propagating in a single layer plate with the same thickness as
one of the adherents.
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Figure 4.3: Mode shapes for the lowest flexural mode (A0-like mode) in a multi-
layered plate (6.2 mm thick) compared to the A0 mode in single layer plates; A0-like
mode (dashed, in plane displ.; dashed-dotted, out-of-plane displ.), A0 (solid, in plane
displ.; dotted, out-of-plane displ.); (a) f = 20 kHz, 6.2 mm thick aluminium plate;
(b) f = 115 kHz, 6.2 mm thick aluminium plate; (c) f = 500 kHz, 3 mm thick
aluminium plate.
The previous sections presented results from the wave propagation in single and
multi-layered plates with finite thickness, but of infinite extent. It was shown that for
low frequencies a multi-layered plate is bending similar to a single layer plate with the
same total thickness. For higher frequencies the wave propagation in a multi-layered
structure is similar to the guided wave propagating in a single layer plate with the
same thickness as one of the layers. In the next sections the wave propagation in the
single and multi-layered tensile specimens (section 2.2.1) is analysed.
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3 mm
40 mm
Figure 4.4: Single layer bar of rectangular cross section.
4.2 Plates of finite width
Most of the early theory for guided waves was developed mainly for single layer
isotropic plates of infinite extent [46]. This theory fails though to predict the guided
wave propagation in plates of finite width with an arbitrary cross section [38]. In
this section some of the physics of the wave propagation in single and multi-layered
bars with a rectangular cross section are presented and discussed.
4.2.1 Single layer rectangular bar
The dispersion diagram and mode shapes for a single layer tensile specimen (figure
4.4) were calculated numerically using the SAFE code [33] presented in the previous
chapter. The dispersion curves obtained from calculations (figure 4.5) for the single
layer tensile specimen (3 mm thick) show multiple modes (across the width) in the
Figure 4.5: Dispersion curves for single layer aluminium tensile specimen shown in
figure 4.4 (cross section: 40 mm x 3 mm).
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Figure 4.6: Comparison of the A0 mode in an infinite plate (red solid) with the
flexural waves (Fx, Fx1, Fx2 and Fx3) for the single layer bar (blue diamonds)
shown in figure 4.4 (cross section: 40 mm x 3 mm).
frequency range of interest (35 - 150 kHz), which was below the cut-off frequency
of higher order thickness modes for an infinite single layer plate with the same
thickness. The wave modes were classed according to the dominant displacement,
namely torsional (T ), longitudinal (L), and flexural modes (F ). There are two types
of flexural modes, Fx denoting the largest displacement in the thickness direction
and Fy in the width direction. Higher order modes are denoted with a number, e.g.,
Fx1 is the first higher order flexural mode in the thickness direction.
The wave propagation in similar single and multi-layered plates with a rectangular
cross section was studied by Mukdadi et al. [44]. In his work the effect of varying
the width on the dispersion of the guided waves in plates of finite width was studied
and compared to the dispersion to a plate of infinite width. He showed that the A0
mode and the lowest flexural mode (Fx) in a bar of rectangular cross section are
similar. In figure 4.6 one can see the comparison between the A0 mode in an infinite
plate which was studied earlier in this chapter and the flexural waves (Fx, Fx1, Fx2,
Fx3) which were shown in figure 4.5. Similar to the results found by Mukdadi et al.,
figure 4.6 shows that the A0 mode and the Fx mode agree well with each other for
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Figure 4.7: Amplitude (out-of-plane) variation across the width evaluated at the top
surface of the bar at 35 kHz, for Fx (bottom) and Fx1 (top); cross section: 40 mm
x 3 mm.
the frequency range of interest. From the same figure it is possible to estimate the
cut-off frequency for the higher order modes Fx1 and Fx2. The cut-off frequency
for Fx1, Fx2 and Fx3 is about 10 kHz, 50 kHz and 110 kHz respectively. A very
interesting observation is that both higher order modes shown in figure 4.6 show a
standing wave like amplitude variation across the width. At a frequency (35 kHz)
below the cut-off of the Fx2 mode, there are only two modes propagating, making
it more easy to analyse the wave propagation in the experiments. The amplitude
across the width of the Fx and Fx1 modes at 35 kHz can be seen in figure 4.7. The
lowest flexural mode (Fx) has an almost constant amplitude across the width, with
an exception at the edges of the specimen, where a higher amplitude is observed.
This is in good agreement with the findings of Fong [55]. On the other hand the
first higher mode Fx1 has a standing wave amplitude variation across the width.
Multi-layered bars show similar characteristics as the single layer tensile specimen
presented in this section.
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Figure 4.8: Multi-layered bar with a rectangular cross section.
4.2.2 Multi-layered rectangular bar
In this section the wave propagation in a multi-layered tensile specimen with a
rectangular cross section (figure 4.8) is presented. The SAFE code presented in the
previous chapter was used for studying the wave propagation in multi-layered bars.
The dispersion curves for the multi-layered bar obtained with the SAFE code can
be seen in figure 4.9. As for the single layer bar, torsional, flexural and longitudinal
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Figure 4.9: Dispersion curves for a multi-layered bar shown in figure 4.8 (cross section
40 mm x 6.2 mm).
modes are the propagating modes in this structure (figure 4.9). The same notation
for the different modes is used here as for the single layer bar. These dispersion curves
look qualitatively similar to the single layer bar presented in the previous section.
One of the main similarities is that there are four flexural modes (Fx, Fx1, Fx2, Fx3)
in a frequency interval between 0 - 150 kHz in these two structures. Despite this
similarity between the single and the multi-layered bar, there are also some differences
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between the dispersion curves, as for instance the cut-off frequencies for the higher
order flexural width modes. The cut-off frequency for the Fx1 mode is 20 kHz, for
the Fx2 mode about 70 kHz and for the Fx3 mode the cut-off frequency is about
135 kHz. The corresponding cut-off frequencies for the single layer specimen was 10
kHz for the Fx1 mode, 50 kHz for the Fx2 mode and 115 kHz for the Fx3 mode.
The used frequency (115 kHz) for the multi-layered tensile specimen was chosen
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Figure 4.10: Comparison of the A0-like mode in an multi-layered infinite plate with
the flexural waves (Fx, Fx1, Fx2, Fx3) for the multi-layered bar shown in figure 4.8
below the cut-off frequency for Fx3. Similar to the single layer plate and bar the
dispersion curve of Fx agrees very well with the A0-like mode in the multi-layered
plate. Mode shapes across the width were evaluated at the used frequency (115 kHz).
The amplitude variations for the different flexural modes are presented in figure
4.11a. Similar to the Fx mode in a single layer bar, the amplitude across the width is
almost constant (figure 4.11a, bottom). The first higher mode Fx1 in a multi-layered
bar has standing wave amplitude variation with almost a wavelength across the
width (figure 4.11a, centre), while the second higher order mode (Fx2) has almost
two wavelengths across the width (figure 4.11a, top). The mode shapes through the
thickness (115 kHz) for three flexural modes (Fx, Fx1, Fx2) are compared to the
thickness mode shape of the A0-like mode (figure 4.11b). The thickness mode shapes
for the Fx mode (figure 4.11b, left) and the Fx1 mode (figure 4.11b, centre) agree
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a) b)
Figure 4.11: Gray colour: adherents; red colour: adhesive layer; (a) mode shapes
(out-of-plane amplitude) across the width (115 kHz): Fx2 (top), Fx1 (centre), Fx
(bottom); (b) mode shapes through the thickness (115 kHz): Fx (left), Fx1 (centre),
Fx2 (right): out-of-plane displacement (dash, dotted) and in-plane displacement
(solid) for Fx, Fx1, and Fx2, out-of-plane displacement (dotted) and in-plane
displacement (dashed) for the A0-like bending mode.
very well with the mode shape of the A0-like bending mode. A small difference in the
thickness mode shapes can be seen for the in-plane displacement of the Fx2 mode
(solid line) and the A0-like mode (dashed line). These results suggest that similar
sensitivity to defects for the flexural width modes and the A0-like mode (inspection
of large multi-layered structures) can be expected.
4.2.3 Influence of specimen width
In order to determine an appropriate width for the multi-layered tensile specimen used
for the fatigue experiments and for defect detection with guided waves, dispersion
curves were obtained for wider bars. The case of study is a multi-layered bar with
the same thickness as in the specimen studied previously (6.2 mm), but instead of
40 mm its width was increased to 70 mm.
The dispersion curves for the flexural modes (thickness direction) are shown in
figure 4.12. As expected it is seen that the cut-off frequencies for the higher modes
are lower in a 70 mm wide bar than in the 40 mm wide. This agrees with the work
presented by Mukdadi et al. [44] where it was shown that the number of modes
propagating within a frequency interval increase with increasing width. This could
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Figure 4.12: Dispersion curves for a 6.2 mm thick and 70 mm wide multi-layered bar.
make the understanding of the wave propagation and the scattering of these waves
at fastener holes more difficult to understand. The width for the tensile specimen
used in the fatigue experiments was therefore chosen as 40 mm.
4.3 Summary
In this chapter the propagation of guided waves in a single and a multi-layered plate
was studied. The main purpose of the studies presented here was to understand the
wave propagation in multi-layered plates and tensile specimen. This will help to
understand the excited wave field (chapter 5) and the scattering (chapter 6) in these
structures. Comparing the obtained results, it was shown that for low frequencies the
dispersion curve and out-of-plane mode shape of the A0-like mode in a multi-layered
plate is similar to the A0 mode in a single layer plate with the same thickness. For
higher frequencies the dispersion curve and mode shape (in the adherents) of the
A0-like mode is similar to a single layer plate with the same thickness as one of the
adherents.
Another very important part of this thesis is the wave propagation in bars of
rectangular cross section. Dispersion curves in a single layer tensile specimen were
presented and compared to the dispersion curves of the single layer plate. It was seen
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that higher order width modes can propagate in the tensile specimens. The higher
order width modes that can propagate in these bar structures show an amplitude
variation across the width in the used frequency range (35 - 115 kHz). It was shown
that for the working frequency (35 kHz) these amplitude variations exhibit standing
wave characteristics with almost integer of wavelengths across the width. Similar to
the results obtained by Mukdadi et al. [44], the dispersion curve of the A0 mode in
a single layer plate is very similar to the lowest flexural mode in a single layer bar
(Fx). This lowest flexural wave mode has slightly higher amplitude on the edges of
the specimen than in the centre where the amplitude does not vary significantly.
The same similarities between the A0 mode and the flexural mode (Fx) in the
single layer structure were observed for the multi-layered plate and bar. Similar to the
single layer specimen the flexural modes in these bar structures show an amplitude
variation with almost integer of wavelengths across the width. A comparison of
the thickness mode shapes of the A0-like mode in a multi-layered plate, with the
flexural modes (Fx, Fx1, Fx2) in the multi-layered bar showed good agreement.
This indicates that the flexural modes in a multi-layered bar have similar sensitivity
to defects as the A0-like mode in a multi-layered plate.
In the last part of this chapter the influence on the dispersion curves when the
width of the rectangular bars is changed was studied. The most important result
from this investigation is that, the cut-off frequencies for the flexural width modes in
a bar of rectangular cross section are lowered as the width increases, thus there will
be more modes propagating within a frequency interval as the width increases.
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The thickness mode shape of the A0-like mode in a large multi-layered plate was
seen to be very similar to the thickness mode shapes of the flexural modes (Fx, Fx1
and Fx2). This suggests that similar sensitivity for defects can be expected in these
two different structures. Initial experiments studied the possibility of exciting the
Fx mode which has a constant amplitude across the width of the specimen. Results
presented in this chapter investigated also the possibility of exciting other flexural
modes at low frequencies (35 - 115 kHz), using transducers permanently attached to
the tensile specimens.
The type of transducers which were used in these experiments were PZT discs
and plates. The reason for this choice of transducers is because it is easy to attach
them to the structure and that they are relatively inexpensive. These transducers
have a proven track record for Lamb wave generation in plate structures [1, 56]. Even
though this type of transducers has been used in large plate structures, there is not
much work which has been published for tensile specimen. Even less work has been
done investigating the selective excitation of guided waves in tensile specimens by
using permanently attached PZT transducers. Fong [55] used PZT plates to excite
guided ultrasonic waves for studying the wave propagation in a curved plate strip.
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These investigations were performed at much higher excitation frequencies (0.45 -
1.3 MHz) compared to the studies presented here. Fromme [1] used the same type of
PZT plates aiming to excite the lowest flexural mode (Fx) in a single layer tensile
specimen, but no detailed study was made quantifying the excited wave field. In the
first part of this chapter, results are presented from studies which investigated the
wave field excited by a PZT plate, placed across the entire width of the specimen.
Results are thereafter presented from the studies investigating the excitation of
flexural waves by placing multiple PZT discs across the width of the tensile specimen.
The main idea behind these two methods was to get a fairly constant pressure across
the width similar to the uniform amplitude of the Fx mode. FE simulations were
performed and compared to the experiments. The experimental results showed that
neither the PZT plate nor the multiple discs excited the desired mode to a sufficient
degree. For this reason another method was investigated in order to isolate this
mode. Instead of approximating the mode shape of the Fx mode across the width, it
was attempted to suppress any unwanted modes, using as few PZT discs as possible.
To do this PZT discs were placed at the nodes of the mode to be suppressed (referred
to as the mode suppression method). The results showed an improvement compared
to the multiple discs placed across the width, but did not manage to isolate the Fx
mode. Not being able to isolate the lowest Fx mode, the studies on the multi-layered
tensile specimens presented at the end of this chapter focused on the excitation of
the first higher order flexural mode (Fx1), which as the Fx mode has a very similar
mode shape through the thickness to the A0-like mode. The main aim of these
studies was to obtain a repeatable amplitude pattern, which is important for the
repeatability of the fatigue crack growth monitoring measurements (chapter 7).
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(a) (b)
Figure 5.1: Comparison between wave field amplitude (normalized) of (a) plate 1 and
(b) plate 2. Amplitude measured on the surface (40 mm x 180 mm) and excited (f
= 35 kHz) by a PZT plate. The waves are propagating along the positive z-direction
(length direction).
5.1 PZT plate
5.1.1 Preliminary measurements
At the excitation frequency there are six possible modes that can propagate (chapter
4). In the studies performed here the out-of-plane component of the wave field was
measured. This and the fact that the transducers excite waves with predominant
displacements in the thickness direction [1, 55], only the torsional (T, T1) and flexural
modes (Fx, Fx1) were monitored. In order to avoid to excite the second higher
flexural mode (Fx2) which has a cut-off frequency at about 50 kHz figure 4.6, the
frequency was chosen as 35 kHz.
The main aim of these investigations was to understand the guided wave field
excited by a PZT plate. The PZT plate (40 mm wide, 1 mm thick and 5 mm long)
described in chapter 2, was glued using an epoxy based glue to the surface of the
specimen. As mentioned above the centre frequency of the excitation signal was 35
kHz. In order to investigate how repeatable the measurements are, two measurements
were performed on the same specimen but with different PZT plates.
Shown in figure 5.1a and 5.1b are the normalized amplitudes obtained from
the two measurements, evaluated at the centre frequency. The normalization is
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(a) (b)
Figure 5.2: Wave field amplitude (f = 35 kHz) taken along two lines from (a) figure
5.1a and (b) figure 5.1b; solid curve: x = 0 mm figure 5.1; dashed curve: x = 9 mm
figure 5.1.
performed by taking the average of the wave field and dividing it by that number.
In all of the figures presented in this chapter the waves are propagating along the
z-axis (length direction). Figures 5.1a and 5.1b show a similar, symmetric amplitude
pattern with respect to the centre of the plate. These amplitude patterns are an
indication that the predominant modes are symmetrical with respect to the centre
line. Seen also is a periodical amplitude variation along the length (wave propagation
in z-direction) which is caused by the interference between the two flexural modes
(Fx and Fx1) that are propagating at that frequency. The wave field amplitude taken
along two lines from figure 5.1a and 5.1b (x = 0 mm and x = 9 mm) are presented
in figure 5.2a and 5.2b respectively. From these two figures the almost periodical
amplitude variation (solid curves, figure 5.2) along the length of the specimens is
more evident. The beatlength can be estimated from the above figure by taking the
distance between the points with the largest amplitude. In figure 5.2a the points
with largest amplitude were manually picked from this figure and are located at
56 mm and 180 mm. This gives a beatlength of 124 mm. The beatlength (Λ) was
calculated theoretically using the following equation [57]:
Λ =
2pi
|k1 − k2| , (5.1)
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where k1 is the wavenumber for the first and k2 is the wavenumber for the second
mode. At 35 kHz the wavenumbers for the two flexural modes Fx and Fx1 are
0.226 1
mm
and 0.178 1
mm
respectively. The beatlength obtained by inserting these
wavenumbers in equation 5.1 is 131 mm. The most probable reason for the deviation
is due to the fact that the amplitude plot (figure 5.2a), from which the beatlength was
estimated, did not cover a long enough distance. From these preliminary experiments
it can be concluded that the excited modes are most probably the two flexural modes
(Fx and Fx1).
5.1.2 Evaluation procedure for amplitude ratio
Another important parameter for the wave propagation in these structures is the
amplitude ratio between the two different flexural modes. From figures 5.2a and 5.2b,
one can obtain the amplitudes for the two flexural modes. To obtain the value of Fx
one can take the average of the almost constant curve at the node of Fx1 (dashed
curve, figure 5.2a). The average amplitude of Fx at that width location is about
0.75. In order to get the amplitude of Fx at the edge of the specimen, this amplitude
value (0.75) needs to be multiplied by the relative width mode shape amplitude ratio
(1/0.74) at the two width locations (x = 0 mm and 9 mm from the side, figure 4.7).
The amplitude of Fx is calculated to about 1.05 at the edge. To obtain the value of
Fx1 one can look on the interference curve at the edge of the specimen (solid curve,
figure 5.2a). The two modes are in phase at the largest value (2.3 at 56 mm, solid
curve figure 5.2a) on that curve. This gives a value of 1.3 for Fx1 and an amplitude
ratio between the modes (Fx/Fx1) of about 0.77. This value is similar for the other
measurement (0.7). To get more accurate results for the amplitude ratio and to
verify that the two modes are the flexural modes, experiments were conducted on
longer specimens. In this way the wave field could be measured further away from
the PZT plate and over a longer distance to get a better measure of the beatlength.
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Figure 5.3: Amplitude measured (f = 35 kHz) along a line (centre of specimen)
on the surface of a finite width aluminium plate (cross section: 40 mm x 3 mm);
blue-solid curve: measurements; red-stars: fitted curve.
Another possible source of error is the manual estimation of the beatlength from the
measurements.To get more accurate values for the beatlength, Matlab was used to
fit a function to the measured interference pattern.
5.1.3 Longer specimens
The specimens used for this part of the investigations had the same width and
thickness as for the initial measurements, but were longer (1 m instead of 0.6 m). In
the preliminary set of experiments, guided ultrasonic waves were excited (35 kHz)
using a PZT plate. The PZT plate was bonded 190 mm away from one end of the
specimen, while the excited wave field was monitored on a line in the centre of the
specimen. The monitoring started 40 mm away from the transducer and covered a
length of 260 mm, with measurements taken every 2 mm.
The results obtained from these measurements (figure 5.3) show a similar am-
plitude variation as the previous experiments conducted on the shorter specimens.
The wave field amplitude is normalized with the average value calculated from all
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of the measurement points along the length. The measured amplitude (blue-solid)
and the corresponding fitted curve are shown in the figure above (red-stars). For
this particular case a sinusoidal function was used for the best fit of the measured
amplitude. The beatlength obtained from the Matlab based program, which was
used to fit the function, is 133.4 mm. This value is in good agreement with the
theoretical value (131 mm), showing that the predominant propagating modes are
the two lowest flexural modes (Fx and Fx1). Comparing this experiment to the
previous experiments performed on the shorter specimen, one can conclude that
the near field of the transducer and the length of the measured interference pattern
influenced the obtained value for the beatlength.
Similar to the previous section, the amplitudes for the two flexural modes were
obtained by investigating their interference patterns. The main difference between
the method used here to obtain the amplitude ratio and the previous method used
on the shorter specimens is that here they are taken from the same line measurement
on the centre of the specimen. This was done in order to avoid the noise due to
the bad reflection of the laser beam at the edge of the specimen. The ratios were
obtained by setting up the following equation system:
0.74Fx1 + 0.69Fx = 1.52, (5.2)
0.74Fx1− 0.69Fx = 0.40. (5.3)
In the first equation (5.2) the two flexural modes, which are multiplied by their
relative mode shape amplitude at the centre, are assumed to be in phase with each
other leading to the highest amplitude. This value was obtained by the program
at 60 mm in figure 5.3 with a magnitude of 1.52. In the second equation (5.3) the
modes are out-of phase resulting in the lowest value (0.4) at 124 mm in figure 5.3.
These equations assume that the Fx1 mode is stronger excited than Fx, which
was seen from the previous experiments. The amplitude ratio obtained by solving
this equation system is about 0.62, which is close to the value obtained for the
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Figure 5.4: Amplitude measured (f = 35 kHz) along a line (centre of specimen)
on the surface of a finite width aluminium plate (cross section: 40 mm x 3 mm);
blue-solid curve: measurements; red-stars: fitted curve.
shorter tensile specimens. In order to investigate the repeatability of these results a
similar investigation was carried out on another specimen of the same material and
dimensions as this specimen. The excitation consisted of a PZT plate, but in order to
exclude end reflections, the distance from one end of the specimen to the PZT plate
was increased from 190 mm to 250 mm. The PZT plate was excited at the same
frequency, while the measurements were carried out over a longer distance (300 mm).
The results obtained from these measurements (figure 5.4) show a similar amplitude
variation as in the previous experiments (figure 5.3). The measured amplitude (blue-
solid) and the corresponding fitted curve is shown in the above figure (red-stars).
The beatlength between the two modes obtained from the Matlab based program is
128 mm. This value is in good agreement with the theoretical value (131 mm) and
the beatlength obtained from the experiments performed on the previous specimen
(133 mm). This verifies that the predominant propagating modes with this type of
excitation are the two lowest flexural modes (Fx and Fx1). The amplitude ratio
obtained similarly as for the other specimens is about 0.6. The obtained amplitude
ratios for the single layer tensile specimen indicate that the PZT plates are not able
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Figure 5.5: Measured amplitude (f = 35 kHz) across the width of the specimen
under the PZT plate (opposite side from the transducer).
to excite the desired mode (Fx) to a large extent, but instead they excite higher
modes (for this particular case the Fx1 mode), leading to an amplitude variation
along and across the specimen. The reason for this was investigated by studying the
amplitude distribution under the transducer. The amplitude was measured across the
width of the specimen (on a line) on the opposite surface from where the transducer
was bonded. The measured out-of-plane displacement evaluated at 35 kHz is shown
in figure 5.5. It can be seen that the amplitude is not uniform across the width under
the transducer, thus exciting the Fx1 mode more. In the next section a different
approach is taken for isolating the Fx mode.
5.2 Multiple PZT discs
Similar to the previous section the main idea behind placing multiple PZT discs
across the width of the specimen is to excite the Fx mode by approximating its
almost constant width mode shape. The aim of the investigations presented here
is to find out how many PZT discs are needed to excite the Fx mode. Both FE
simulations and experiments were performed to investigate this. The results from
the FE studies will be presented next.
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Figure 5.6: Graph showing number of point forces used in the FE simulations against
the calculated amplitude ratio between Fx and Fx1 modes.
5.2.1 FE simulations
For the excitation of the A0 mode in large plates the PZT discs are usually modelled
as out-of-plane point forces (chapter 3). For this to be a valid approximation the
diameter of the PZT discs should ideally be smaller than a quarter of the wavelength.
This requirement is valid in this cases where the wavelength of the A0 mode at 35
kHz is about 28 mm and the PZT diameter is 5 mm. The number of point forces
considered across the width of the specimens were 1, 2, 4, 5, 8 10, 20 and 40. In
the first part of these simulations, a single point force was placed in the centre of
the specimen and 0.5 m away from one end. For more than one point force, the
point forces were placed equidistant to each other. E.g., two point forces were placed
with a 20 mm distance between each other, 10 mm and 30 mm away from one side
respectively. The rest of the point forces were placed in a similar way, with the first
point force being placed at 40
2N
[mm] (N being the number of point forces) from one
side and the rest were placed in multiples of 40
N
from the first point force. Thus for
four point forces it would mean that the first point is placed 5 mm away from one
side, and the rest of the point forces every 10 mm away. The results (figure 5.6) show
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that this type of excitation (35 kHz) will mainly result in flexural modes (Fx, Fx1).
It can also be seen that the larger the number of point forces used the more Fx
will be excited. This can be explained by the fact that the almost constant width
mode shape of the Fx mode is approximated better for more point forces. Forty
point forces across the width the amplitude ratio is about 7.5. On the other hand,
one point force excites the Fx1 mode more than Fx. This happens because the
point force pushes only the centre of the specimen in one direction, thus resembling
the mode shape of Fx1 (bottom figure 4.7). It can be seen that for five PZT discs
the FE simulations predict an amplitude ratio of about five. This would result in
almost a constant incident wave field (about 20% amplitude variation along the
specimen) which would make the interpretetion of the results from the fatigue crack
monitoring experiments and scattering measutrements easier. Next results from the
studies investigating the possibility of experimentally exciting the Fx mode by using
multiple discs are presented. The experiments performed during these studies did
not use exactly the same pattern for increasing point forces as in the FE simulations
(one, three and five PZT discs were used).
5.2.2 Experiments
Initially experiments were performed using a single PZT disc glued in the middle of
the specimen (right, figure 2.6) and 190 mm away from one end. The measured area
was 40 mm wide (across the width) starting about 5 mm in front of the disc and
going 180 mm along the length on the same surface where the PZT disc was located.
The length of the area was selected in this way in order to avoid overlap between the
incident wave and the reflected wave from the end of the specimen. In order to see
how repeatable the measurements are, four set of measurements were carried out
with this excitation configuration, but with different PZT discs every time.
In figure 5.7a the amplitudes at the centre frequency (35 kHz) are shown for the
first specimen. The amplitude pattern is symmetric with respect to the middle of
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(a) (b)
Figure 5.7: Measured wave field amplitude (f = 35 kHz) on the surface (40 mm x
180 mm) of a finite width plate (40 mm wide); excitation with one PZT disc at the
centre of the specimen (x = 20 mm); (a) symmetric and (b) asymmetric amplitude
pattern.
the specimen, indicating that the anti-symmetrical torsional modes (T , T1) are not
strongly excited with this excitation. The wave field exhibits a repeated amplitude
variation along the length of the specimen, similar to the PZT plates. This variation
is caused by the interference between the two flexural modes (Fx and Fx1) that
are mostly excited at that frequency. Similar to figure 5.7a, figure 5.7b shows the
amplitude from measurements which were done on the same specimen as above, but
with a new PZT disc glued on the same place as the disc used for the measurements
presented above. Comparing figure 5.7a and figure 5.7b it is possible to see that in
the later figure the wave field is not as symmetric as in figure 5.7a. To understand the
asymmetric amplitude pattern seen in figure 5.7b, FE simulations were carried out
using a single out-of-plane force at the location of the PZT disc. In figure 5.8a the
amplitudes at the centre frequency (35 kHz) are shown. The symmetric amplitude
pattern seen in figure 5.8a indicates that the torsional modes are not excited to a large
extent with a point force in the middle of the specimen. The amplitude variation
seen in this figure is very similar to figure 5.7a. FE simulations were conducted
using a point force, placed 1 mm away from the centre of the specimen. Figure 5.8b
shows the amplitude for the time measurements evaluated at the centre frequency
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(35 kHz). Comparing figure 5.7b and figure 5.8b it is possible to see the amplitude
patterns are similar. This indicates that the PZT disc used in the measurement
was probably slightly off centre, exciting torsional modes. To verify that a torsional
mode was excited, a 2D FFT [58] of the measured signal at the edge of the specimen
was taken. The amplitude of the obtained transform, shown in figure 5.9, reveals
the existence of the second torsional mode (T1). This mode is causing the shift
in the amplitude pattern seen in figures 5.8b and 5.7b. Looking at the dispersion
curves it is possible to estimate the cut-off frequency of the torsional mode (T1).
The excitation frequency (35 kHz), is close to the cut-off frequency of this torsional
mode (∼ 28 kHz) resulting in a width vibration close to the excitation. From the 2D
FFT and from the interference between the torsional mode with the flexural modes
it is difficult to determine the amplitude of this mode. It can though be seen that
the torsional mode is not excited as strongly as the two flexural modes.
Two more measurements were taken with new PZT discs to further investigate the
repeatability. Similar to what is shown in figure 5.7b one of the experiments showed
an asymmetric amplitude pattern. To summarize, from the four measurements two
showed an asymmetric pattern. The amplitude ratio (Fx/Fx1), which was obtained
in the same way as for the longer specimens (PZT plate) presented earlier, ranged
(a) (b)
Figure 5.8: Calculated (FE) wave field amplitude (f = 35 kHz) on the surface (40
mm x 180 mm) of a finite width plate (40 mm wide); excitation with one point force;
(a) at the centre of the specimen (x = 20 mm) and (b) 1 mm off centre (x = 21 mm).
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Figure 5.9: Dispersion curves for the single layer tensile specimen. Contour curves
overlaid on the dispersion curves is the 2D FFT, taken on the edge of the specimen.
for the four measurements between 0.36 and 0.41 (lower than PZT plates). Good
agreement was found between measurements and FE simulations, predicting an
amplitude ratio of about 0.4. It can be concluded that this type of excitation did not
isolate the Fx mode. Similar to what was said for the FE simulations, this can be
explained by the fact that a point force placed in the centre is forcing that location
in one direction while the free edges do not move much, exciting Fx1 more strongly
than the Fx mode which has a constant amplitude across the width.
In the investigations presented next, three PZT discs were used in an attempt
to excite the Fx mode. The PZT discs were placed 190 mm away from one end
of the specimen and symmetrically about its centre (4, 20 and 36 mm away from
one side). The amplitudes of the measurements evaluated at the centre frequency
(35 kHz) are shown in figure 5.10a. As for the excitation with one PZT disc, two
different measurements were carried out using the same specimen. In the later
measurement the discs were replaced. Comparing figure 5.10a and 5.10b it is possible
to see that the wave field in figure 5.10b is not as symmetric as in figure 5.10a. The
asymmetric pattern looks similar to the experiments performed with one PZT disc,
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(a) (b)
Figure 5.10: Measured wave field amplitude (f = 35 kHz) on the surface (40 mm x
180 mm) of a finite width plate; excitation with three PZT discs; (a) symmetric and
(b) asymmetric amplitude pattern.
where a torsional wave was excited. As for the case with a single PZT disc the
excitation of the torsional mode seen here was probably caused by the position of the
PZT discs. Another experiment was carried out with this type of excitation. In that
experiment the torsional mode was also visible. From the three specimens investigated
the torsional mode was excited significantly in two of them. The amplitude ratios
(Fx/Fx1) obtained from the three measurements ranged between 0.45 and 0.62
(FE prediction: ∼ 3). Comparing this to a single disc a very small improvement was
made with this type of excitation.
Finally experiments were carried out using five PZT discs trying to excite the
Fx mode. In an attempt to obtain the amplitude distribution of this mode across
the width, discs were placed symmetrically about the centre of the specimen and
across the width, 4, 12, 20, 28 and 36 mm away from the side. Figure 5.11a shows
the amplitude at the centre frequency (35 kHz). The wave field shows a similar
wave pattern to figures 5.7a and 5.10a. In this case the amplitude is symmetric and
the dominant modes are the flexural modes. On the other hand the wave field in
figure 5.11b shows a similar wave pattern to the previously shown wave fields which
were slightly asymmetric. Another two experiments were carried out with five PZT
discs. The amplitude ratios obtained for these cases ranged between 0.43 to 0.62.
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Compared to one and three PZT discs very little improvement was made. From the
four specimens examined, three showed a significant asymmetry in the amplitude
patterns, indicating that the torsional modes were excited to a significant degree.
Placing multiple discs on a tensile specimen did not manage to isolate the Fx
mode. Increasing the number of PZT discs placed across the width showed only a
small increase in the amplitude ratio between the two flexural modes. Good agreement
for the wave propagation was found between experiments and FE simulations for one
PZT disc. In the case of five discs FE simulations predict a much larger amplitude
ratio (about 5). From these investigations it was also observed that the PZT discs
could result in an asymmetric amplitude pattern. The larger the number of discs used,
the more difficult it was to obtain a symmetric amplitude pattern. This suggests
that as few discs as possible should be used to avoid the excitation of any unwanted
torsional modes and in order to compare to FE simulations. From the experiments
it was also seen that the replacement of the discs could have an effect on the overall
wave field as this was not very repeatable. Two possible reasons for that can be given.
The first one is the bonding layer and the second one is the location inaccuracy of
the PZT discs.
The possibility of isolating the Fx mode by using only two point forces will be
(a) (b)
Figure 5.11: Measured wave field amplitude (f = 35 kHz) on the surface (40 mm
x 180 mm) of a finite width plate 40 mm wide; excitation with five PZT discs; (a)
symmetric and (b) asymmetric amplitude pattern.
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examined. To improve the repeatability of the measurements the discs were placed
using a holder which fits on the width of the specimen. In this way the location
accuracy could be improved and controlled.
5.3 Mode suppression
5.3.1 FE simulations
In this section a different approach is taken towards trying to isolate the Fx mode in
a tensile specimen. The methodology used is based on the suppression of any other
modes in order to isolate the desired mode. At the working frequency (35 kHz) there
are 6 modes propagating. With the PZT discs vibrating mostly in the out-of-plane
direction the longitudinal mode (L) and the flexural mode which has the largest
displacement in the width direction (Fy) will not be excited to a significant extent.
If the point forces are placed symmetrically about the centre line of the specimen
(x = 20 mm) it is possible to eliminate any torsional modes. As it was seen from
the previous results the flexural modes are the two main propagating modes in this
frequency range. In order to try to eliminate the Fx1 mode one could for instance
place the discs at points were the Fx1 mode will not be excited. This assumption was
studied with FE simulations by placing two point forces symmetrically at the nodes
of the Fx1 mode, 9 mm from each side. The monitoring area (40 mm x 400 mm) did
not include the point forces which are placed at z = - 10 mm in figure 5.12. Results
from the FE simulations predict an amplitude ratio between the two modes (Fx and
Fx1) of about 24. This leads to almost constant amplitude (figure 5.12) along the
length of the specimen. Across the width of the tensile specimen higher amplitude is
found at the edge of the specimens, similar to the mode shape of the predominant
Fx mode. As for the previous experiments, mode suppression could be sensitive
to the location accuracy of the discs. This was investigated by shifting the point
forces along the length and the width by small distances. The shift in the z-direction
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Figure 5.12: Amplitude pattern at 35 kHz obtained from FE simulations for the
mode suppression method. Exciting with two point forces placed at z = -10 mm (not
shown in this figure) and 9 mm away from the sides (nodes of Fx1).
(along length) does not influence the Fx1 mode since the point forces still remain
on its nodes with respect to the width. On the other hand it influences the amount
by which the torsional modes are excited. It was observed that the torsional modes
were excited more and more as the shift increases. Figure 5.13 shows the influence
of a shift in the width direction on the amplitude ratios for the flexural modes. This
shift is influencing the amount by which the Fx1 mode is excited since the force
is moving away from the node. As the distance increases the Fx1 mode is excited
more strongly. This asymmetric excitation pattern is also resulting in an increase of
the excited torsional modes. Investigations were also carried out by increasing the
excitation amplitude of one point force while the position remains fix at the nodes of
Fx1 to study how the excitation amplitude from the PZT discs is influencing the
excited wave field. As expected, it was seen that the ratio between the two flexural
modes is not changed with increasing amplitude difference, while as the amplitude
increased it was seen that the amount of the torsional modes increased. To conclude,
only the shift of the point forces across the width changed the amplitude ratio for
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Figure 5.13: Calculated amplitude ratio between Fx and Fx1 for different width
locations (relative to node of Fx1) of one point force (35 kHz).
the flexural modes (Fx/Fx1). For a shift of about 1 mm, which is a reasonably
large placement inaccuracy using the PZT holder, the amplitude ratio between the
flexural modes (about 8) would be still good enough for the fatigue crack monitoring
experiments. The placement of the disc in the experiments was measured with a
digital caliper resulting in an average measurement of 8.8 mm ± 0.15 mm from the
sides.
5.3.2 Experiments
The FE simulations predicted that the Fx mode can be isolated to a large degree
by placing point forces at the nodes of the Fx1 mode. Experiments were carried
out to investigate this. The specimens used for these experiments had the same
dimensions as the FE model presented above. Two PZT discs were placed at the
nodes of the Fx1 mode about 9 mm away from the sides on the same surface. One
main difference between these experiments and the FE simulations is that the extent
of the PZT discs (5 mm in diameter) and their extra added mass were not modelled.
In order to suppress the torsional modes the discs had to be placed accurately at
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Figure 5.14: Measured amplitude of the wave field on the surface (40 x 180 mm) of
a finite width plate (35 kHz, two discs at the nodes of Fx1).
these locations. To get an accurate location a disc holder was manufactured out
of aluminium. Different to the FE simulations, the results from the measurements
(figure 5.14) show a significant amplitude variation across and along the specimen
caused by the interference of the two flexural modes (Fx and Fx1). The amplitude
ratio (Fx/Fx1) is in this case about 2.4. The amplitude pattern is symmetric which
indicates that the torsional modes are not excited to a significant extent with this
excitation setup. Four more measurements were taken with new discs glued on in
order to investigate the repeatability of these results. Measurements were taken on a
line on the centre of the specimen and 240 mm along the length of the specimens
starting 60 mm (along length) away from the centre of the PZT discs. The amplitude
ratio for the four measurements is 2.1 (figure 5.15a), 1.8 (figure 5.15b), 2 (figure
5.15c) and 2.1 (figure 5.15d). The average ratio for these four measurements is
about two. The average beatlength between Fx and Fx1 for these specimens is
128 (theoretical value of 131 mm). With this type of excitation the torsional modes
are not as strongly excited as for the previous measurements (multiple discs). This
would suggest that the location accuracy of the discs influenced the results, since
this time it was controlled using a PZT holder. Even though the torsional modes
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(a) (b)
(c) (d)
Figure 5.15: Measured wave field amplitude at 35 kHz for four specimens (a)
measurement 1; (b) measurement 2; (c) measurement 3; (d) measurement 4.
are not excited to a significant extent and there is an improvement of the amplitude
ratio compared to five PZT discs (about four times larger), the measured ratios are
still much lower than the ratio predicted from the FE simulations. Two possible
reasons for this could be the location of the discs relative to the nodes of Fx1 and the
amplitude distribution generated by the transducers. Looking at the sensitivity study
(FE, figure 5.13) it is possible to say that the location inaccuracy (8.8 mm ± 0.15
mm from the sides) of the discs cannot account for the large difference between FE
simulations and experiments. In order to investigate the second cause the amplitude
patterns under the transducers were measured (figure 5.16). Comparing these figures
it is very clear that the excitation used in the FE simulation (figure 5.16b) is different
from the excitation used in experiments (figure 5.16a), which in turn is causing the
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Figure 5.16: Measured amplitude (f = 35 kHz) across the width of the specimen
under the excitation (opposite side from the transducers); (a) experiments, two PZT
discs at the nodes of Fx1; (b) FE calculations, two point forces at the nodes of Fx1.
large discrepancy between the amplitude ratios. Similar to the findings of Belanger
[59] it is believed here that the difference between experiments and FE using multiple
PZT discs is probably due to the fact that the excitation with point forces in the FE
simulations does not take into account the interaction between the excited wave field
and the discs and the added mass of the PZT discs.
5.4 Summary for excitation methods
The above sections presented results from studies examining the possibility to isolate
the Fx mode. Three different methodologies were used during these investigations.
In the first part of these studies a PZT plate was used as excitation. The PZT plate
was placed across the width of the specimens aiming to obtain a constant amplitude
across the width which would result in exciting mostly the Fx mode. By studying
the interference patterns of the excited wave field it was observed that the amplitude
ratio (Fx/Fx1) was below one, exciting mostly the Fx1 mode at the excitation
frequency. The reason for that was that the PZT plate did not create a constant
amplitude across the width of the specimen. Instead an amplitude variation was the
result of this excitation.
The second technique investigated the possibility of exciting Fx by placing
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multiple PZT discs across the width. FE simulations predicted an increase in
amplitude ratio by increasing the number of point forces. The predicted amplitude
ratio for five point forces across the width was about five, resulting in a 20 %
amplitude variation along the specimen, acceptable for the fatigue experiments.
Experiments did not achieve the same amplitude ratio for five PZT discs. The
measured amplitude ratio (below one) was in the same range as for one and three
discs. No improvement was achieved compared to the PZT plate. It was also seen
that when more discs were used the more likely it was to excite a torsional mode.
For this reason the next methodology used as few discs as possible.
The idea behind the mode suppression technique was instead of approximating
the mode shape of Fx across the width, to try and suppress the unwanted Fx1 mode.
For this reason only two discs were used, placed at the nodes of the Fx1 mode. FE
simulations predicted that it was possible to isolate the Fx mode using this approach.
Even though experiments showed a significant improvement in terms of amplitude
ratio compared to the previous two methods, the measured amplitude ratio was
significantly smaller than the prediction from the FE simulation. An important
result is that the torsional modes were not significantly excited, which was one of
the problems of the previous method. This was achieved by using a disc holder when
gluing the discs, which gave better control of the location accuracy.
To conclude, from the different techniques which were investigated here, mode
suppression was the method which gave the highest amplitude ratio and no significant
excitation of any torsional modes. Another important observation was that for more
than one disc the FE results, which used point forces, and the experiments predict
a different type of excited wave field. In order to get better agreement between
the experiments and the FE simulations one could try to model the discs. Due
to time constraints and the fact that the FE simulations using point forces for
the multi-layered tensile specimens (presented next) showed good agreement with
measurements, no further investigations were performed trying to model the PZT
discs.
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5.5 Waves in multi-layered tensile specimen
5.5.1 Introduction
The specimens investigated here are the multi-layered tensile specimens described
in section 2.2.1. During the fatigue experiments of these specimens (chapter 7) the
excitation frequency which was used previously in this section (35 kHz) proved to be
too low to detect reasonable sized defects. For this reason the frequency had to be
increased to 115 kHz. At this frequency there is an additional flexural mode (Fx2)
propagating compared to the single layer tensile specimens at 35 kHz. Regarding
this and the fact that it was not possible to isolate the Fx mode to a great extent
even in simple single layer specimen, it was decided to try and excite the Fx1 mode
instead. This mode has like the Fx mode very similar thickness mode shapes to the
A0-like mode. The mode suppression technique proved to give the best results from
the previous methods investigated. Because of that, it was used here for exciting the
Fx1 mode, by suppressing the Fx and Fx2 mode. The purpose of these studies was
to obtain a repeatable and relative constant amplitude pattern at the location of
the fastener hole. Both FE simulations and experiments were compared in order to
understand the wave propagation in the multi-layered tensile specimen.
The excitation setup used consists of three PZT discs permanently bonded 190 mm
from the end of the specimen using a two-component epoxy glue. For suppressing the
Fx2 mode two of the discs (black dots in centre figure 2.6) were placed symmetrically
using a disc holder at its nodes (4 mm from the side edges on the top layer (left
figure 2.6)). The third disc was placed in the centre and on the opposite layer (right
figure 2.6). The idea behind this was that this disc would be forcing the centre of
the specimen in the opposite direction from the location of the nodes of Fx2 where
the two discs were placed, resembling in this way the width mode shape of Fx1 and
thus suppressing the excitation of the Fx mode. The frequency of 115 kHz was
chosen below the cut-off frequency for the Fx3 mode (135 kHz). The wave field
was measured 10 mm away from the excitation, 200 mm along the length of the
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(a)
(b)
Figure 5.17: Amplitude variation along multi-layered specimen at excitation frequency
(115 kHz); (a) FE simulations; (b) measurements on specimen 6.
specimen and across the width (∆x = 1 mm, ∆z = 2 mm) according to the procedure
described in chapter 2 (centre figure 2.6).
5.5.2 Preliminary results
In the FE simulations the geometry was approximated with the Cartesian mesh
described in chapter 3 (plates: 0.5 mm x 0.5 mm x 0.75 mm; sealant: 0.5 mm x 0.5
mm x 0.1 mm). The PZT discs used in the experiments were modelled as out-of-plane
point forces at the excitation locations and the wave field was monitored on the same
Cartesian grid (chapter 3) as in the experiments. The measurement area and grid
was the same as for the experiments.
From the FE results (figure 5.17a) an amplitude variation can be seen along
the width (x-axis) and length (z-axis, wave propagation direction) of the specimen,
caused by the interference between the flexural modes that can propagate at this
frequency. The measured wave field (specimen 6) looks very similar to the FE
simulations, but is not as smooth and as symmetric as in the FE simulations. The
wave propagation was quantified further by calculating the amplitude ratios (FE).
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Figure 5.18: Amplitude variation along the length of the specimen at excitation
frequency (115 kHz) from FE simulations at three different width locations; at the
centre of the specimen (red-dashed); at the edge (blue-solid) and at the node of Fx2
(z = 4 mm) (black-dotted).
As for the single layer specimens these ratios were obtained by studying the
interference patterns in more detail. In the case of the multi-layered specimens the
beatlength at 115 kHz between the Fx and the Fx1 mode is 217 mm. The specimens
used in the experiments here were too short to evaluate this and to obtain the
amplitude ratios. Another problem was the attenuation and the uneven amplitude
variation along and across the specimens which can be seen in the experiments. For
this reason the amplitude ratios were evaluated from the FE simulations. Since the
amplitude patterns look qualitatively similar the amplitude ratios in the experiments
could be taken to be of a similar order of magnitude to the FE simulations. This
study should though be seen as an approximate way of obtaining an understanding
of the modes that have been excited in the multi-layered specimens. For studying
the interference in more detail the wave field was monitored along the length of the
specimen at three different width locations from the simulation results. The first
measurement was taken along the length on the edge of the specimen (blue-solid
curve in figure 5.18). The second and third measurements were taken along the
node of Fx2 (black-dotted curve in figure 5.18) and along the centre of the specimen
(red-dashed curve in figure 5.18) respectively. From the black-dotted curve in figure
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5.18 the beatlength between Fx and Fx1 can be predicted. The Matlab based
program which was used to predict the amplitude ratios gave a beatlength of 212
mm. The theoretical calculated beatlength between the two modes of 217 mm agrees
well with the FE simulation. The shorter interference length seen from this figure
is 46 mm. This agrees well with the beatlength between Fx and Fx2 which has a
theoretical value of 48 mm. From this it can be concluded that the predominant
modes are the three flexural modes. The amplitude ratios for these were obtained in
a similar fashion as for the single layer specimens. The following equations were set
up for obtaining the amplitude ratios between the modes:
Fx+ Fx1 + Fx2 = 2.83, (5.4)
0.75Fx+ 0.54Fx1 = 1.23, (5.5)
0.58Fx+ 0.81Fx1 + 0.75Fx2 = 2.13. (5.6)
Assuming that all of the modes are in phase resulting in the maximum total amplitude
(z = 205, blue-solid curve in figure 5.18) of 2.83 at the edge, one obtains the first
equation. The second equation is taken at a point of the line measurement at the
node of Fx2. At this location the Fx and Fx1 mode are in phase resulting in the
largest total amplitude of 1.23 (at z = 205, black-dotted curve in figure 5.18). The
last equation assumes that all of the modes are in phase, but this time at the centre
of the specimen. This results in their maximum total amplitude which is 2.13 (at z
= 112, red-dashed curve in figure 5.18). Solving this equation system one obtains
the following amplitude ratios:
Fx/Fx1 = 0.35, (5.7)
Fx/Fx2 = 0.73, (5.8)
Fx1/Fx2 = 2.1. (5.9)
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From this it is possible to see that Fx1 is the predominant mode. It is about
three times larger than Fx and about two times larger than the Fx2 mode. For
investigating the validity of these results another set of equations was solved obtaining
the amplitude ratios of the flexural modes. In these calculations equations 5.4 and
5.5 were used. The third equation was obtained by studying the interference between
Fx and Fx2 along the length of the specimen, on the node of Fx1 (x = 9 mm).
This method gave amplitude ratios with an error of less than 10 % compared to
the method presented here. This indicates that the calculated amplitude ratios give
an acceptable indication of the amplitude ratios for these modes. To conclude this
excitation manages to excite mostly the Fx1 mode, but did not manage to suppress
the other modes. An important result from the simulations presented here is the high
and relative constant amplitude at an area at the centre of the specimen (z = 100 -
120 mm x = 15 - 25 mm, figure 5.17a). This area could be used as the location for
the fastener hole in the fatigue experiments. Similar amplitude distribution at this
location can be seen in figure 5.17b. The repeatability of these amplitude patterns
was further studied experimentally.
5.5.3 Wave propagation in tensile specimens
The wave propagation in the specimens used for the fatigue crack monitoring was
studied experimentally. In the experiments transducers were placed as in the previous
measurement (figure 5.17b). The amplitude pattern shown in figure 5.19a is for
specimen 8, which was the first specimen to be fatigued successfully. The pattern
shown is quite symmetrical with respect to the centre of the specimen. It is possible
to see that the maximum amplitude is at around 108 mm. In this specimen the
fastener hole was placed though at 90 mm away (figure 5.19a). The amplitude
pattern looks also quite similar to the FE simulations (figure 5.17a) and the previous
measurement (figure 5.17b). Three more specimens were used in the second set of
fatigue experiments (specimen 10, 13 and 14). Specimen 10 (figure 5.19b) shows
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(a)
(b)
(c)
(d)
Figure 5.19: Measured amplitude (115 kHz) variation along and across four multi-
layered tensile specimens; (a) specimen 8; (b) specimen 10; (c) specimen 13; (d)
specimen 14.
an amplitude map very similar to the previous specimens (figure 5.17b and 5.19a)
and also quite similar to the FE simulations. The amplitude is quite symmetrical
indicating that the torsional modes are not strongly excited. At a distance of 100
mm along the length a relative high and constant amplitude pattern can be seen.
In this specimen it was decided to place the fastener hole at this location. Since
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the measurements are taken 10 mm away from the excitation this meant that it was
placed 110 mm away from the excitation instead of 100 mm for specimen 8. The
amplitude of the wave field for specimen 13 is shown in figure 5.19c. This field looks
very similar to the previous experiments, but shows a larger amplitude variation
across and along the specimen. A relative constant and high amplitude area can be
found at a similar location to specimen 10 (z = 100 mm). The fastener hole was
placed in this specimen 110 mm away from the excitation. For the specimen 14 the
amplitude pattern looks different from the previous specimens. The reason for this
is not known, but the most probable cause is that one of the discs at the nodes was
not working properly, resulting in the asymmetric pattern seen in figure 5.19d. Even
though some torsional modes were excited, since they have a zero displacement at
the centre of the specimen, a similar amplitude area to the previous specimen can be
observed at the location of high amplitude in the middle of this specimen. As for the
previous specimens the fastener hole was placed 110 mm away from the excitation.
In order to investigate the detection of sub-layer defects from a single accessible
side (excitation and measurement), the single PZT disc on the opposite layer where
the defect grew was removed. The excitation setup used here consists thus of two
PZT discs placed on the same side and on the nodes of the Fx2 mode (right figure
2.6). The same measurement procedure as in the previous experiments was used in
these investigations. The amplitude pattern shown in figure 5.20a looks relatively
symmetrical indicating that the predominant modes are the flexural modes. The
figure shown here looks also quite similar to the previous four specimens. The main
difference between this figure and the previous ones is the location for the highest
amplitude in the centre of the specimen. In the case shown here the area of high and
constant amplitude is further away (about 120 mm along the length) than in the
previous experiments (about 100 mm along the length). For the study of the influence
of a defect on the scattered field, the fastener hole was placed in the centre of the
specimen 130 mm away from the excitation. In the last specimen the measurement
was stopped because of an error during the scanning, thus covering only part of the
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(a)
(b)
Figure 5.20: Measured amplitude (115 kHz) variation along and across two multi-
layered tensile specimens; (a) specimen 17 and (b) specimen 18.
specimen. For this region, a good agreement is seen to the previous specimen (figure
5.20a). Again the largest amplitude is found about 130 mm away from the excitation.
To be able to later compare the results for the scattering studies (chapter 7) in these
tensile specimens, it is useful to study the amplitude patterns at the scanned regions
close to the fastener hole.
5.5.4 Amplitude at fastener hole location in tensile speci-
mens used for fatigue experiments
The amplitude patterns presented here are from the same measurements on the
tensile specimens (specimen 8, 10, 13, 14, 17 and 18) presented above. These results
shown here include the location of the fastener hole and the scanned area for the
scattering measurements (section 2.4.2). Figure 5.21a (same coordinate system as in
figure 5.19) shows the amplitude pattern for specimen 8. In figure 5.21c the amplitude
pattern obtained from the FE simulations is shown for the same region. It can be seen
that there is a good overall agreement between these figures. Comparing these two
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(a) (b)
(c)
(d) (e)
Figure 5.21: Measured amplitude (evaluated at 115 kHz) variation on the monitoring
grid (section 2.4.2) used in the scattering experiments for the multi-layered tensile
specimens; (a) specimen 8; (b) specimen 10; (c) FE simulation; (d) specimen 13; (e)
specimen 14.
figures locally it can be seen that the amplitude pattern in the experiments is slightly
asymmetric. At the location where the fastener hole was placed in this specimen
(z = 90 mm, figure 5.21a) the two figures have similar amplitude distribution. For this
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reason similar overall scattering behaviour can be expected for this specimen and the
FE simulations, but probably with a slightly higher amplitude in front of the fastener
hole in the experiments. In figure 5.21b the amplitude pattern for specimen 10 is
presented. Compared to the FE simulations (figure 5.21c) the area of high amplitude
at the centre of the specimen is shorter (z-direction) and not as symmetric. At the
beginning of the scanned area (z = 88 mm, figure 5.21b) the region of high amplitude
in the experiments is wider than in the FE simulations. At the location of the fastener
hole (z = 100 mm, figure 5.21b) the experiments show a similar amplitude distribution
to the FE simulations. Specimen 13 (figure 5.21d) shows a higher degree of asymmetry
and variation compared to the previous specimens (8 and 10), especially at the centre
of the specimen. The region of high amplitude pattern at the centre of the same
figure starts also earlier (z = 92 mm, figure 5.21d) compared to the previous figures
(z = 96 mm, figure 5.21a, 5.21b and 5.21c). At the location of the fastener hole (z
= 100 mm, figure 5.21c) and in front of it (z = 96 mm, figure 5.21c) the amplitude
is higher compared to the FE simulations. For the last specimen (figure 5.19d) the
amplitude pattern at the location of the largest amplitude looks quite similar to
the other specimens. Looking further away (x-direction) from this location a larger
degree of asymmetry is seen compared to FE simulations and other specimens. The
asymmetry in the incident field can better be seen in figure 5.19d. Because of the
large degree of asymmetry, specimen 14 was not included in the investigations for the
influence of a defect on the scattered field. Figure 5.22a shows part of the amplitude
pattern presented in figure 5.20a. This amplitude pattern includes the location of
the fastener hole (x = 20 mm, z = 120 mm in figure 5.22) and the scanned area for
the experiments investigating the influence of a fatigue crack on the scattered field.
The shown amplitude pattern is relative symmetric with respect to the centre of the
specimen. At the location of the fastener hole, an area of high and relative constant
amplitude can be seen. The amplitude pattern of specimen 18 (figure 5.22b) shows a
similar, but wider area (x-direction) of high and relative constant amplitude at this
location. In this case the amplitude at the location of the fastener hole is slightly
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(a) (b)
Figure 5.22: Measured amplitude (evaluated at 115 kHz) variation on the monitoring
grid (section 2.4.2) used in the scattering experiments for the multi-layered tensile
specimens; (a) specimen 17 and (b) specimen 18.
lower compared to specimen 17. The amplitude pattern is also not as symmetric as
for specimen 17. For both these specimens the location for the largest amplitude
is further away (about 120 mm in figure 5.22) compared to the previous specimen
(about 100 mm in figure 5.21). Overall the amplitude distribution at an area around
the location of the fastener hole is quite similar though.
5.5.5 Summary
In this section the wave propagation in multi-layered tensile specimens was inves-
tigated. From the experiments on the single layer specimen it was found that the
lowest flexural mode (Fx) could not be isolated to a significant degree (excitation
frequency: 35 kHz). During the fatigue experiments (chapter 7) on the multi-layered
specimens it was also observed that the excitation frequency of 35 kHz was too low
to detect any reasonable sized defects. For this reason in the multi-layered specimen
the frequency was increased to 115 kHz, below the cut-off frequency of the Fx3 mode.
This and due to the fact that it was not possible to isolate the lowest flexural mode
in the simpler single layer specimen, it was decided to investigate the possibility of
exciting the second flexural mode (Fx1). The excitation setup (figure 2.6) consisting
of three PZT discs, aims to suppress the unwanted modes (Fx and Fx2). Both
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FE simulations and experiments were carried out during these studies. From the
FE simulations it was seen that the Fx1 flexural mode was the strongest excited
mode (2 - 3 times stronger) of the three flexural modes propagating (Fx, Fx1 and
Fx2), but not with a significantly larger amplitude compared to the other modes.
The experiments showed a similar amplitude pattern to the FE simulations. Since
it was not possible to obtain just one mode (Fx1), the main objective with this
type of excitation was to obtain an area of relative high and constant amplitude.
Measurements on the four fatigued specimen (chapter 7) were performed. The
measured amplitude patterns for three of the specimens showed quite repeatable
wave propagation (figures 5.19a, 5.19b and 5.19c). For one specimen (figure 5.19d)
the amplitude pattern was more irregular than the other specimens. The reason for
that is believed to be that a PZT disc was not functioning properly, thus exciting
torsional modes leading to the observed asymmetry. At an area in the centre of
the specimen and half way along the length (about 100 mm in figures 5.21) of the
measured areas a large and relative constant amplitude pattern was observed. For
the fatigue experiments the fastener hole was placed at this location. Because of this
fairly constant amplitude as compared to a large plate and the similar thickness mode
shapes of the flexural modes (Fx, Fx1, Fx2) to the A0-like mode, similar sensitivity
for defects can be expected in the multi-layered plate and tensile specimen. To prove
the concept of single sided access (excitation and measurement) to detect hidden
fatigue cracks in the sub-layers, the excitation in two specimens (17 and 18) consist of
two discs bonded on the same layer. This type of excitation produced a very similar
amplitude pattern to the previous four specimens. Good repeatability was observed
for the two specimens. The area of high amplitude was further away compared to
the previous specimens (about 120 mm in figures 5.22; location of fastener hole).
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large plates
Figure 6.1: Geometry for the scattering at a fastener hole with a notch in an
aluminium plate (not to scale); hole radius: ro = 10 mm; thickness: h = 5 mm;
excitation frequency: f = 100 kHz; wavelength: λ = 18.5 mm.
The aim of this thesis is to detect fatigue cracks at a single fastener hole in
multi-layered structures using guided ultrasonic waves. These cracks are detected by
studying the changes in the scattered field amplitude around a fastener hole caused
by such a defect. The results presented in this chapter are from studies performed
to understand the scattering of flexural waves at a fastener hole and the change in
amplitude caused by a defect in single and multi-layered plates.
Since the physics of the scattering of flexural waves in a single layer plate are
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well described in the literature [60, 61, 62] and more easily understood than the
scattering in multi-layered plates, they will be revised in the first part of this chapter
as an introduction. In that section 3D FE simulations are compared and validated
for the scattering of flexural waves at a fastener hole in a single layer plate against
an analytical solution and experiments. Similar studies have also been performed
for the S0 mode [63]. The scattering of Lamb waves at defects have been previously
studied by Alleyne et al. (A0 mode) [64] and by Lowe et al. (S0 mode) [65]. Fromme
et al. [66] studied the scattering of the A0 mode at a fastener hole with the presence
of a defect. A similar study had been earlier carried out by Chang [67] using the S0
mode instead. In this chapter a study comparing and validating the FE code against
experiments for the scattering of the A0 mode at a fastener hole with a notch is
presented.
In the second part of this chapter (6.2) results from the scattering of the A0-
like mode at a fastener hole with and without a defect in a multi-layered plate are
presented and discussed. In section 6.2.1 the scattering in a single and a multi-layered
plate are compared. The FE code for the multi-layered plate is later validated against
experimental results for the scattering at a fastener hole (section 6.2.2). Sections
6.2.3 and 6.2.4 investigate the scattering of flexural waves at a fastener hole with
a defect in the multi-layered plate. The main aim of these studies is to specify the
detection limit for the defect size in this type of multi-layered plate.
In section 6.3 the scattering in a multi-layered tensile specimen is presented. The
scattering in this structure is compared with the scattering in the large multi-layered
plate studied earlier. From this comparison it is possible to explain the scattering in
the tensile specimen. Finally all of the main results together with the conclusions
are summarized at the end of this chapter.
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6.1 Scattering at a fastener hole with and without
a defect in a large single layer plate
The 5 mm thick (h) aluminium plate (figure 6.1) which was used for these experiments
is described in section 2.3. The frequency (100 kHz) of the five cycle signal which
was used for the excitation was well below the first cut-off frequency for any higher
order modes. At that frequency there are two modes propagating, namely the A0
and the S0 mode. The PZT disc used for the excitation of the guided waves will
mostly excite the A0 mode. The out-of-plane component of the A0 mode is measured
with the laser interferometer. The wavelength of the A0 flexural wave is 18.5 mm at
this frequency. As described in chapter 2, the measurements were taken on a radial
grid around the hole (ro = 10 mm) every 5
o and every 0.5 mm in the radial direction
(r = 10.5 mm to 32.5 mm). The excitation and measurement procedure were kept
the same throughout the experiments presented in this section. At a later stage a
notch was cut at the fastener hole. In the FE simulations interpolation was used in
order to obtain the amplitude at the monitoring points. The A0 mode was excited
with a point force, placed at the location of the PZT disc and in the mid-plane of
the plate in order to excite only the A0 mode. As for the experiments all of this
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Figure 6.2: Comparison between (a) measured and (b) calculated (analytical solution)
scattered wave field (f = 100 kHz) amplitude (λ = 18.5 mm) around a fastener hole
(ro = 10 mm) in a single layer aluminium plate (h = 5 mm).
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was kept the same during the investigations presented here. In all of the figures
which are shown in this chapter the waves are propagating from top to bottom (from
positive to negative x-direction, figure 6.1). The figures shown in this chapter have
been normalized with the average value of the total wave field (incident + scattered).
This average was calculated by adding together the amplitude values (evaluated at
the centre frequency) from all of the monitored points and dividing that number
with the number of monitoring points. The FE simulations were validated against an
analytical solution for the scattering at a fastener hole in a single layer plate based
on Mindlin theory [53]. Since the analytical solution has been previously derived by
several authors no details will be given here. A detailed description of this solution
can be found in the paper of Pao and Chao [60]. In this thesis an existing Matlab
based code developed by Fromme [1, 66] was used for calculating the scattering
around a fastener hole in a single layer plate.
6.1.1 Scattering at a fastener hole
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Figure 6.3: Scattered wave field (f = 100 kHz) amplitude at r = 13 mm around
a fastener hole in a single layer aluminium plate (h = 5 mm); measured (green,
dashed-dotted), analytical solution (blue, solid), FE simulation (red, solid-stars).
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Results from the measurements performed on the large plate are shown in figure
6.2a. In figure 6.2b the scattered field shown is obtained from the analytical solution.
In both figures it is possible to distinguish a typical area of low amplitude behind the
hole, where destructive interference occurs between the incident and the scattered
wave. Similar to the findings by Fromme [62], in front of the hole an area of varying
amplitude can be seen. This is due to interference between the incident and the
scattered wave. The FE code was validated against these solutions on a circle
(r = 13 mm) around the hole (figure 6.3). It can be seen that the amplitude of the
scattered field on this circle obtained from the FE simulation agrees well with the
analytical solution and the measurements. The largest difference of the scattered
field obtained from the FE simulation and the analytical solution found at 0, 100, 260
and 360 degrees is about 5 % of the incident wave amplitude. This is most probably
caused by the Cartesian approximation of the hole. From the results presented above
it can be concluded that the different approaches of calculating the scattered field
around a fastener hole in a single layer plate show good agreement with each other.
In the next section the FE code is validated against measurements for the scattering
around a hole with the presence of a notch.
6.1.2 Scattering at a fastener hole with a defect
This investigation was carried out on the same plate as the one presented in the
previous section. With a fine blade saw a notch was cut through the thickness of the
plate. The notch had initially a length (Lnotch) of about 2 mm and a width of about
1 mm and was placed perpendicular to the propagation direction of the incident
wave field (φ = 270o, figure 6.1). The ratio of the notch length relative to the plate
thickness and the hole diameter is in this case 0.4 and 0.1 respectively. Measurements
were also performed for a twice as long notch (Lnotch = 4 mm). The same excitation
setup and monitoring grid as in the previous section was used for this investigation.
In the FE simulations the notch was introduced by removing elements (chapter 3).
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(a) (b)
Figure 6.4: Comparison between (a) measured and (b) simulated (FE) scattered
wave field (f = 100 kHz) amplitude (λ = 18.5 mm) around a fastener hole
(ro = 10 mm) with a 2 mm notch placed at the left side of the hole in a single layer
aluminium plate (h = 5 mm).
Figure 6.5: Amplitude of the scattered wave field (f = 100 kHz) on a circle
(r = 13 mm) around a fastener hole with a 2 mm notch in a single layer alu-
minium plate (h = 5 mm); FE simulation (blue, dashed); analytical solution without
notch (red, solid); measurements (blue, solid-dotted).
The amplitude of the scattered field around the fastener hole with a 2 mm notch
obtained from experiments is shown in figure 6.4a. The additional reflection of the
flexural wave caused by the presence of the notch interacts with the incident wave
116
Chapter 6. Scattering and defect detection in large plates
(a) (b)
Figure 6.6: Comparison between (a) measured and (b) simulated (FE) scattered
wave field (f = 100 kHz) amplitude (λ = 18.5 mm) around a fastener hole
(ro = 10 mm) with a 4 mm notch placed at the left side of the hole in a single layer
aluminium plate (h = 5 mm).
and the wave scattered at the hole, producing a small increase in amplitude at the
left side of the hole (figure 6.4a). Figure 6.4b shows the scattered field around the
hole with a 2 mm notch obtained from the FE simulation. Similar to the scattered
field obtained from the measurements, this figure shows an increase in amplitude at
the left side of the hole where the notch is located. In figure 6.5 the amplitude of
the scattered fields on a circle (r = 13 mm) around the fastener hole obtained from
FE simulation and experiment are compared against the analytical solution of the
scattered field (without defect). The results from measurements and FE simulations
agree very well with each other. At an angle of 270o, where the notch is located,
a peak in the amplitude can be distinguished. The increase in amplitude due to
the presence of the notch is about 25 % of the incident wave amplitude for both
simulation and experiment. Measurements and FE simulations were repeated for
a longer notch. The amplitude of the scattered field around the hole with a 4 mm
notch obtained from the measurements is shown in figure 6.6a. Similar to figure 6.4a
the additional reflection of the flexural wave caused by the presence of the notch,
interacts with the incident and scattered wave at the hole producing an increase in
amplitude at the left side of the hole (figure 6.6a). Figure 6.6b shows the scattered
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field around the hole with a notch (4 mm) obtained from the FE simulation. Similar
to the scattered field obtained for a 2 mm notch this shows an increase in amplitude
at the left side of the hole where the notch is located. Comparing the scattered field
amplitudes obtained from measurements and FE simulation for a 4 mm notch to the
scattered field for a 2 mm notch one can see that the amplitude increase in front of
the hole is higher for a 4 mm notch, but also the change of the amplitude pattern is
larger. This would suggests that as the length of the notch increases the change in
the scattered field amplitude pattern increases as well.
To summarize, the results for the scattering at a fastener hole in a single layer plate
showed good agreement between FE simulations and experiments, thus validating
the FE code. The scattering of a flexural wave at the fastener hole results in an
increase of amplitude in front of the fastener and an amplitude variation further
away from the hole boundary. When a defect is present the amplitude pattern is
slightly shifted, increasing the amplitude in front of the defect. These changes were
said to be caused by the interference between the scattered wave and the incident
wave. The increase in amplitude due to the defect was about 25 % of the incident
wave field for a small notch (2 mm long).
Because of the similarities in the thickness mode shapes of the flexural waves in
a single and in a multi-layered plate (figure 4.2.2), similar scattering behaviour can
be expected in these two structures at the used frequency (115 kHz). The knowledge
obtained for the scattering in a single layer structure can be used to explain and
understand the scattering in a multi-layered structure. In the next section, results are
presented from a study done in order to investigate the possibility of detecting fatigue
cracks present only in one of the layers of a multi-layered plate/tensile specimen, by
monitoring the undamaged layer.
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6.2 Scattering at a fastener hole with and without
a defect in a large multi-layered plate
In the first part of this section the FE code for the scattering in a large multi-
layered plate is compared against the analytical solution for the scattering in a
large single layer plate of the same total thickness. The analytical solution is
calculated in the same way as in the previous section. The FE model for the multi-
layered plate used here (600 mm x 600 mm x 6.2 mm) consisted of two 3 mm thick
aluminium alloy (2014-T6) plates, connected with a 0.2 mm thick adhesive layer
(HYSOL-9394 EA [32]). The element size used in the FE simulations were 0.75
mm cubic elements in the adherents and 0.1 mm x 0.75 mm x 0.75 mm elements in
the adhesive layer. The excitation consisted of an out-of-plane point force, placed
110 mm away from the centre of the fastener hole. The excitation frequency was in-
creased from the previous section to 115 kHz (as used for fatigue experiments) which is
well below the first cut-off frequency for any higher order thickness modes (figure 4.2).
At that frequency there are two modes propagating, namely the A0-like mode and the
S0-like mode. The out-of-plane displacement was monitored on a radial grid around
a 6 mm diameter fastener hole, every 5o and every 1.5 mm in the radial direction
(r = 3.75 mm to 15.75 mm).
In the last part of this section the wave propagation and scattering at a fastener
hole with and without a defect in a large multi-layered plate was studied experimen-
tally and compared to FE simulations. The manufactured plate used, described in
chapter 2, had an adhesive layer (0.55 mm) thicker than the plate used in the first
section. In the FE simulations the same mesh size was used in the adherents as in
the first section, but due to the thicker adhesive layer, a different mesh was used for
it (0.275 mm x 0.75 mm x 0.75 mm). For the FE simulations the same monitoring
grid and excitation was used. The geometry of the plate, excitation and monitoring
procedure used in the experiments are described in detail in chapter 2. To study the
influence of defects on the scattered field, machined notches of various lengths and
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(a) (b)
Figure 6.7: Amplitude of scattered wave field (f = 115 kHz) around a fastener hole
(ro = 3 mm); (a) multi-layered plate (FE simulation, h = 6.2 mm, λ = 16.6 mm);
(b) single layer plate (analytical solution, h = 6.2 mm, λ = 18.5 mm).
depths were milled in only one of the layers of the multi-layered structure. In all
of the investigations the defects were oriented perpendicular to the incident wave
and the scattered field was measured and calculated (FE) on the opposite layer from
where the defect was placed.
6.2.1 Comparison to a single layer plate
In chapter 4 it was shown that the mode shapes of the A0-like and the A0 mode are
very similar for low frequencies. This suggests that similar scattering at a fastener
hole can be expected for a single and a multi-layered plate. Figure 6.7a shows the
scattered field obtained from the FE simulation for the large multi-layered plate.
Figure 6.7b shows the results obtained from theory for the scattered field in the single
layer plate (λ = 18.5 mm) of the same total thickness as the multi-layered plate
(λ = 16.6 mm). A good general agreement is found between the amplitude patterns
for these two structures. Similar to the scattered field patterns seen at the beginning
of this chapter (figure 6.2), these figures have a region of high amplitude in front
of the fastener hole. This is caused by the interference between the incident and
the scattered wave at the fastener hole. The interaction between the two waves also
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Figure 6.8: Calculated and measured dispersion curves for multi-layered plate; 0.2
mm thick adhesive layer (blue, dashed), 0.55 mm thick adhesive layer (red, solid)
and measured phase velocity (blue, crosses) on a large multi-layered plate.
results in the amplitude variation seen further away from the fastener hole. The main
difference seen between these two figures are caused by the different wavelengths for
the two cases. This can be seen by studying the distances between the regions of low
amplitude in front of the fastener hole for the two figures.
6.2.2 Wave propagation and scattering at a fastener hole in
a large multi-layered plate
This section presents results from the comparison between FE simulations and
measurements for the wave propagation and scattering at a fastener hole in the large
multi-layered plate described in chapter 2. Initially the wave propagation in the
manufactured multi-layered plate was studied. The phase velocity was measured
(as described in chapter 2) in a frequency range between 100 and 115 kHz. The
results from the measurements were compared to the dispersion curves obtained from
Disperse [52] for two different thicknesses of the adhesive layer (0.2 mm and 0.55 mm).
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(a) (b)
Figure 6.9: Comparison between (a) measured and (b) calculated (FE) scat-
tered wave field (λ = 15.8 mm) amplitude (f = 115 kHz) around a fastener hole
(ro = 3 mm) in a multi-layered plate (h = 6.55 mm).
This was done in order to see if it is necessary to change the adhesive layer thickness
from 0.2 mm to 0.55 mm which is the thickness of the large manufactured plate in
the FE model. The measured phase velocities (blue, crosses) are shown in figure 6.8
together with the calculated curves for 0.2 mm adhesive (blue, dashed) and 0.55 mm
adhesive layer (red, solid). From this figure it is possible to see that the calculated
dispersion curves are similar for low frequencies, but deviate for higher frequencies. It
is also seen that the measured phase velocities are closer to the calculated dispersion
curve for a 0.55 mm thick adhesive layer. At the chosen working frequency (115
kHz) the phase velocity obtained from the measurements is 1.824 m/ms, while the
calculated phase velocities for a 0.2 mm and 0.55 mm thick adhesive is 1.908 m/ms
and 1.809 m/ms, respectively. The percentage difference between 0.2 mm and 0.55
mm is quite significant (5.5 %) therefore it was decided to use a 0.55 mm thick
adhesive layer in the FE simulations.
For the scattering around a fastener hole in the large multi-layered plate a
comparison between experiment and FE simulation was done. The results from the
experiment (figure 6.9a) and FE simulation (figure 6.9b) show qualitatively a good
agreement. Similar to a single layer plate (figure 6.7b) both figures show an increased
amplitude in front of the fastener hole and an amplitude variation further away. In
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(a) (b)
Figure 6.10: Comparison between (a) measured and (b) calculated (FE) scat-
tered wave field (λ = 15.8 mm) amplitude (f = 115 kHz) around a fastener hole
(ro = 3 mm) with a 2.25 mm long notch, partly through one of the layers (h = 3
mm) of a multi-layered plate (h = 6.55 mm).
the experiments it can be seen that this increase is not symmetrical as in the FE
simulations, with a higher amplitude found at the left hole boundary (x = 0 mm,
y = -5 mm figure 6.9a). The difficulties in manufacturing the plate resulted in a
non-uniform adhesive layer and/or bonding state at the location of the fastener hole
in the multi-layered plate, resulting most probably in the asymmetry seen. Also in
the experiment the pattern is not smooth as in the FE simulation, with very high or
low amplitude found in certain locations. This was caused by the bad reflection of
the laser beam at these points. Overall, it is possible to say that the scattered fields
obtained from the experiment and FE simulation agree qualitatively quite well with
each other, thus verifying the FE code for the multi-layered plate.
6.2.3 Scattering at a fastener hole with a 2.25 mm long de-
fect part through one of the layers
One of the main objectives of these studies was to investigate the possibility of using
guided waves for detecting a hidden defect in just one layer at a fastener hole, by
accessing only the opposite (undamaged) layer. This is investigated here for a notch
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(a) (b)
Figure 6.11: Change in amplitude (f = 115 kHz) of scattered wave field
(λ = 15.8 mm) around a fastener hole (ro = 3 mm) due to a 2.25 mm notch
part through one of the layers and located at the left side of the hole and on the
opposite layer from the measurements; (a) experiments; (b) FE simulation.
partly and later completely through one of the layers, while exciting and monitoring
the guided waves only in the opposite layer. The machined notches were milled at
the hole boundary and in only one of the aluminium layers. In the first experiment
the defect was machined part through one of the layers. The defect was about 1
mm wide and had a length and depth of 2.25 mm (∼ 1/3 of total plate thickness).
The orientation of the notch was perpendicular to the wave propagation direction
(270 degrees, coordinate system in figure 6.1). The same excitation and measuring
procedure as in the previous section was used during this investigation. Figure 6.10a
shows the measured scattered field amplitude (115 kHz) for the 2.25 mm notch.
As for the undamaged case, a slightly higher amplitude can be seen on the left
side of the hole (x = 0 mm, y = -5 mm figure 6.10a) in the measurements. The
similarities between these two cases, but also the bad quality of the scattered field
amplitude patterns obtained from the measurements makes it very difficult to draw
any conclusions about any changes caused by the defect. The FE simulation (figure
6.10b) shows a similar amplitude pattern. From the FE simulation it is possible to
investigate in more detail eventual changes which are caused by the defect. One way
of investigating this is by taking the difference between the damaged and undamaged
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cases. This difference is shown for the experiments in figure 6.11a and for the FE
simulations in figure 6.11b. In both figures it can be seen that there is not much
change in the scattered field due to the presence of the part thickness notch. In the
FE simulations the average overall change in front of the notch is about 5 %. An
overall similar shift of the amplitude pattern is seen in the experiments (figure 6.11a),
but the amplitude variation is in this case about 10 %. This value is representing the
noise levels during these experiments. The effect of the defect on the scattered field
has to be larger than this value in order to detect such a defect. The large variation
was caused by the poor quality of the measured signal at this point (figure 6.11a).
Another reason for the bad quality of figure 6.11a could be that the measurement grid
(with notch) was shifted relative to the undamaged case when the plate was moved
during the machining of the notch. Improvements in the measurement procedure
and in the way the notch is cut, e.g. by using a hand held cutting tool and without
moving the plate, could potentially improve the quality of the measurements. To
conclude, comparing the large variation from the measurements to the predicted
change from the FE simulations it is possible to say that a defect part through one
of the layers and 2.25 mm long would most probably not be detected using this
experimental setup.
6.2.4 Scattering at a fastener hole with a 5.25 mm long de-
fect through one of the layers
In order to investigate the sensitivity of the guided waves to defects which are through
one of the layers, a notch almost one third of the wavelength (5.25 mm long ∼ total
plate thickness) was machined through the thickness of one aluminium layer (∼ 1/2
through overall plate). During the machining of the notch the transducer disc was
damaged and replaced by another disc. The same type of transducer was placed at
the location of the previous transducer, 110 mm away from the centre of the fastener
hole. The monitoring grid was the same as in the previous sections.
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(a) (b)
Figure 6.12: Comparison between (a) measured and (b) calculated (FE) scat-
tered wave field (λ = 15.8 mm) amplitude (f = 115 kHz) around a fastener hole
(ro = 3 mm) with a 5.25 mm long notch through one of the layers (h = 3 mm) of a
multi-layered plate (h = 6.55 mm).
Figures 6.12a and 6.12b show the results from these measurements. Results
from the FE simulation and experiment look qualitatively similar, both showing
a significant amplitude increase at the location of the notch (x = 0 mm, y = -5
mm figure 6.12). The predicted increase in amplitude is much larger compared to
the 2.25 mm long notch part through on of the layers. Similar to a single layer
plate the presence of the notch shifts the amplitude patterns clockwise. The shift of
the amplitude pattern is better seen from the difference between the damaged and
undamaged case. Figures 6.13a and 6.13b show the measured and simulated change
in amplitude due to the presence of the 5.25 mm long notch.
Despite the poor quality of the measurements (figure 6.13a), the results shown
in these figures agree well with each other. In both figures it can clearly be seen
that the notch shifts the amplitude patterns, increasing the amplitude in front of
the notch. The average amplitude change close to the fastener hole and in front of
the notch is about 30 % for the experiments and 25 % for the FE simulations. This
change is three times larger than the noise levels (∼ 10 %) and would therefore be
detected.
To isolate and study the additional wave which is scattered at the notch, the
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(a) (b)
Figure 6.13: Change in amplitude (f = 115 kHz) of scattered wave field
(λ = 15.8 mm) around a fastener hole (ro = 3 mm) due to a 5.25 mm notch
part through one of the layers and located at the left side of the hole and on the
opposite layer from the measurements; (a) experiments; (b) FE simulation.
magnitude of the complex difference can be taken [1]. The magnitude of the complex
difference between the scattered fields when a notch is present and without a notch
was evaluated at the centre frequency (figure 6.14). This takes into account both the
magnitude and the phase of the scattered wave at the notch.
The new disc resulted in a different phase and amplitude of the incident wave as
compared to the measurements performed on the plate without a notch. Because of
this reason and the bad quality in the measurements discussed earlier, only FE results
will be shown here. It has been shown [1] that the presence of an additional scattered
wave due to the notch, would result in an increase in the complex magnitude
in front of the defect. The magnitude of the complex difference for a 5.25 mm
long through notch was compared to a 2.25 mm long notch part through one of
the layers (figure 6.14). By comparing these two figures it can be seen that the
notch part through one of the layers (figure 6.14a) produces almost no additional
(∼ 10 %) scattering compared to the notch through one of the layers, where a
much larger back scattered amplitude (∼ 45 %) can be seen (figure 6.14b). The
interference of the back scattered wave with the incident and scattered wave at
the fastener hole results in an amplitude increase in front of the notch at the left
127
Chapter 6. Scattering and defect detection in large plates
(a) (b)
Figure 6.14: Magnitude of complex difference (with and without a defect; FE) of
scattered wave field (f = 115 kHz) around a fastener hole (ro = 3 mm); (a) 2.25
long notch part through one of the layers;
(b) 5.25 mm long notch through one layer.
boundary of the fastener hole (figure 6.13b). Also seen from figure 6.14b is that
behind the notch a significant forward scattering occurs (∼ 50 %). The forward
scattered wave will cause an amplitude decrease behind the notch (figure 6.13b)
where it interferes destructively with the other waves. The additional scattering
(∼ 10 %) for the 2.25 mm notch part through one of the layers is of the same order
as the noise levels observed during the measurements. A crack of this size would not
be detected. On the other hand the 5.25 mm long crack through one of the layers
would be detected. This suggests that defects part through one of the layers would
not be detected with the experimental setup used here.
In the next section results from the scattering in a multi-layered plate will be
compared against the scattering around a fastener hole with the presence of real
fatigue damage through one of the layers in a multi-layered tensile specimen.
6.3 Scattering in a multi-layered tensile specimen
One of the multi-layered tensile specimen (spec.13) used here was fatigued until a
6.0 mm long fatigue crack had grown through one of the layers. The orientation of
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the crack in one of the layers was perpendicular to the incident wave. The scattered
field was monitored on a radial grid around a 6 mm diameter fastener hole, every 5o
and every 1 mm in the radial direction (r = 4 mm to 10 mm). Measurements were
taken under tensile loading before and after the crack had grown through one of the
layers and on the opposite layer (undamaged) from where the crack was located.
FE simulations were performed for this specimen using the model described in
chapter 3. In the FE simulations the fatigue crack was modelled as a zero width crack
(6 mm long) through one of the layers. The scattered field in the FE simulations was
monitored on the same radial grid as in the experiments on the opposite layer from
where the crack was located. In the end of this chapter results from the scattering in
the multi-layered tensile specimen obtained from FE simulations were compared to
a large multi-layered plate. The FE model used for the plate had the same mesh
and dimension as in section 5.2.1 where it was compared to a single layer plate. The
monitoring area was slightly smaller (r = 3.75 mm to 9.75 mm) than for the tensile
specimen, while the defect was modelled as for the tensile specimen.
6.3.1 Measurements and FE simulations of the scattering in
a multi-layered tensile specimen
The measurement of the scattering around the fastener hole without a defect (figure
6.15c) shows a similar but more noisy amplitude pattern to the FE simulation (figure
6.15a). The measured amplitude pattern is not perfectly symmetrical as the incident
wave field is not symmetrical (figure 5.21d). The incident field for the tensile specimen
is also different from the incident field in the large multi-layered plate as there is an
amplitude variation along the length and width of the specimen. This and the finite
width of the tensile specimen which reflects the waves scattered at the fastener hole
results in a slightly different amplitude pattern compared to a large multi-layered
plate. However, it would be expected to see a similar local change due to a defect
in these two structures. In both cases a similar amplitude increase in front of the
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(a) (b)
(c) (d)
Figure 6.15: Amplitude (f = 115 kHz) of scattered field around fastener hole
(ro = 3 mm) with a 6 mm crack and without a crack in one of the layers of the
tensile specimen (h = 6.2 mm); (a) FE, without crack; (b) FE, with a 6 mm crack;
(c) experiment, without crack; (d) experiment, with a 6 mm crack.
fastener hole can be seen. In the same figures an amplitude variation can be seen
further away from the fastener hole (positive x-dir figure 6.15c and 6.15a). This is
due to the interference between the incident wave and the wave scattered at the
fastener hole. A small amplitude increase can be seen behind the fastener hole.
The scattered fields obtained from the measurements with the presence of the
crack in one of the layers show quite good overall agreement with the FE simulation.
Again the difference seen between experiment (figure 6.15d) and FE simulation
(figure 6.15b) is most probably caused by the different incident fields and the noise
in the measurements. Both FE simulation and experiment show a significant change
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(a) (b)
Figure 6.16: Amplitude (f = 115 kHz) difference of scattered wave fields (FE) due
to a 6 mm long crack around a fastener hole (ro = 3 mm) in a tensile specimen
(h = 6.2 mm); (a) experiments; (b) FE simulations.
due to the crack. In figure 6.15d it is possible to see that the amplitude pattern is
shifted due to the presence of the crack. The shift in the amplitude pattern seen in
the FE simulation (figure 6.15b) looks overall the same as in the experiments. In
both cases the additional reflection of the ultrasonic wave at the fatigue crack results
in an amplitude increase in front of the defect. The change of the scattered field can
be better observed from the difference of the amplitude patterns with and without a
crack. The difference in amplitude obtained experimentally for a tensile specimen is
shown in figure 6.16a. From this figure a clear shift of the amplitude pattern and an
increase in front of the crack can be seen. Behind the location of the crack a region
of smaller amplitude can be found. The measurements seen in figure 6.16a are quite
noisy. For this reason an average change of the amplitude increase (at the crack)
due to the presence of the crack was calculated. The average change is in this case
about 55 % in the tensile specimen. A similar shift in amplitude due to the presence
of a crack can be seen from the FE simulations. The magnitude of the change
(∼ 40 %) is in this case slightly smaller than in the experiments. The most probable
reason for that is the difference in the incident wave field between FE and experiments.
To summarize, from the results obtained from the experiments and FE simulations
it was seen that a defect causes an overall similar change of the amplitude pattern.
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Figure 6.17: Amplitude (f = 115 kHz) difference of scattered wave fields (FE) due
to a 6 mm long crack around a fastener hole (ro = 3 mm) in a large multi-layered
plate (h = 6.2 mm).
6.3.2 Comparison to a large multi-layered plate
In this section the scattering in the tensile specimen is compared to the scattering in
the large multi-layered plate. The same size fastener hole (ro = 3 mm) and crack
(through one layer, 6 mm long) was used in the large plate as in the tensile specimen.
The monitoring was carried out on the undamaged layer on a slightly smaller radial
grid than for the tensile specimen. In figure 6.17 the difference (FE) in amplitude
between a damaged plate and an undamaged plate is shown. The overall change in
the amplitude pattern due to the presence of a crack is very similar to the tensile
specimen (figure 6.16b). It can be seen that the crack is shifting the amplitude
pattern, increasing the amplitude in front and decreasing it slightly behind the crack.
The magnitude of the change in front of the crack (∼ 25 %) is in this case sligthly
lower than in the tensile specimen. In figure 6.18a the complex difference (115 kHz)
is shown for the tensile specimen. It is possible to see that the presence of the crack
results in a significant back scattered wave (x = 2 mm, y = -4 mm figure 6.18a).
Also seen is that behind the crack a significant forward scattering occurs. The same
study was also performed for the large multi-layered plate. The results from the FE
simulations (figure 6.18b) show a similar scattering to figure 6.18a. For the large
plate the back and forward scattered waves are of similar amplitude as in the tensile
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(a) (b)
Figure 6.18: Complex difference of scattered wave (f = 115 kHz) fields (FE) with a
6 mm long crack and without a crack around a fastener hole (ro = 3 mm);
(a) multi-layered tensile specimen; (b) large multi-layered plate.
specimen. A small difference between the two figures (probably caused by the finite
width of the tensile specimen) can be seen at the top part of the scattered field
(x = 8 mm, y = 2 mm figure 6.18a). In general these two figures show a good
agreement, thus it is possible to transfer results from the tensile specimen studied in
the next chapter, to the large plates studied in this chapter.
6.4 Summary
This chapter presented results from studies performed on the scattering of flexural
waves at a single fastener hole with and without a defect in single and multi-layered
plates. Since the physics for the scattering of the A0 mode at a fastener hole in a
single layer plate is fairly well described in the literature [1] the first part of this
chapter presented results from this investigation. Similar to what has been observed
by other authors [66] the interference between the incident and the scattered wave
at the fastener hole results in an amplitude variation in front of the fastener hole
and a decrease in amplitude behind it. The presence of a defect at the fastener
hole, perpendicular to the incident wave, results in an amplitude increase at the
location of the defect. It was also seen that the amplitude pattern was shifted more
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for larger defects. With the setup used here, small defects (2 mm long) and through
the thickness of the plate could easily be detected.
From chapter 4 it was seen that for low frequencies the mode shapes for the lowest
anti-symmetric modes through the thickness for a single layer plate and a multi-
layered plate are similar. This leads to the hypothesis that also similar scattering can
be expected in these structures. The scattering of low frequency guided ultrasonic
waves at a fastener hole in the multi-layered plate used here has not been studied
before and at this moment there is no general analytical solution. In this chapter
the analytical solution for the scattering at a fastener hole in a single layer plate was
compared against the FE results for the scattering in a multi-layered plate. From
this comparison a good general agreement was found between the two cases. This
verifies the initial hypothesis for the similarities in the scattering between these two
structures. Experiments for the scattering of the A0 like-mode at a fastener hole
were performed. These results were compared against the FE code used for these
investigations. Results from this showed a good agreement with each other, verifying
the FE model.
Experiments and simulations were performed for investigating the scattering
in the multi-layered plates with the presence of a defect. The main aim of these
investigations was to obtain an estimate of the smallest defect size that can be
detected using this type of waves. Results from the investigations performed here
show that defects part through one of the layers cannot be detected experimentally
by monitoring the scattered field on the opposite layer (undamaged layer), with the
noise levels present in the experiments. On the other hand it was found that defects
through one of the layers and with a length of almost one third of the wavelength
(∼ 5.25 mm) can be detected.
The obtained results from FE simulations for a large multi-layered plate were
compared to the scattering in a multi-layered tensile specimen. The scattering has
been studied in single layer tensile specimen [1], but not much work has been done for
multi-layered tensile specimen. From the FE calculations presented here, it was seen
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that a good general agreement is found between the scattering in these two types of
structure, but with the tensile specimen predicting a slightly larger influence of the
defect on the scattered wave field amplitude. The presence of a defect resulted in a
similar overall change of the amplitude patterns in these two structures. This means
that the results from the fatigue experiments on the tensile specimen presented in
the next chapter can be transfered to the large plates.
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On-line fatigue crack growth
monitoring
This chapter presents the application of low frequency guided ultrasonic waves for
the on-line monitoring of fatigue crack growth in multi-layered tensile specimens.
Similar studies have been carried out using low frequency (40 and 160 kHz) guided
ultrasonic waves for the monitoring of fatigue cracks in single layer tensile specimen
[68, 69]. Fatigue crack growth in single layer tensile specimen has also been carried
out using high frequency guided ultrasonic waves [70] and bulk waves [71, 72, 73].
Monitoring fatigue cracks using ultrasonic waves in multi-layered tensile specimen
has not been studied to the same extent as for single layer specimen.
Three sets of experiments investigating the sensitivity of these waves to real
fatigue cracks which grew in only one layer (referred to as the bottom layer) of the
multi-layered specimens were performed.
In order to understand the methodology used in the fatigue experiments, pre-
liminary on-line fatigue crack growth monitoring was performed for two specimens.
The influence of a defect on the scattered field was studied for one specimen by
comparing the scattered field amplitudes on the top layer around a fastener hole
between experiments and FE simulations before and after fatigue crack growth.
The second set of experiments includes the on-line fatigue crack growth monitoring
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for three specimens. The results from this set of experiments were compared to 3D
FE simulations. As in the first set of experiments the influence of a defect on the
scattered field was studied experimentally and compared to FE simulations before
and after fatigue crack growth.
In the last set of experiments fatigue crack growth monitoring was conducted on
one specimen using a different excitation (single sided) compared to the previous
fatigue experiments. The influence of a defect on the scattered field was studied
experimentally. Finally the results from these experiments will be discussed and
compared against the results from the previous chapter for the defect detection in a
large multi-layered plate.
7.1 First set of fatigue experiments (preliminary
set)
7.1.1 Description
Three multi-layered tensile specimens (specimen 6 - 8) were manufactured for the
first set of experiments (chapter 2). During the fatigue experiments the specimens
were subjected to cyclic tensile loading in a servo-hydraulic testing machine (figure
2.8). For monitoring the fatigue crack growth the cyclic loading was stopped initially
every 10 000 cycles and after a crack was visible every 1 000 cycles. To monitor the
crack growth the maximum tensile load was applied (30 kN) and a measurement of
the ultrasonic wave field was taken at a single point on the top layer with the laser
interferometer. In the initial phase of the fatigue experiments, which included two
specimens (6 and 7) the measured single point was located close to the hole and in
front of the crack relative to the wave propagation direction. For specimen 8 the
measured single point was behind the crack on the top layer (red dot in figure 2.9).
Measurements were performed on one specimen to study the influence of a crack
on the scattered field around the fastener hole. Under loading, the measurements
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(a) (b)
Figure 7.1: Results from first set of fatigue experiments on specimen 7; (a) optically
measured crack length on bottom surface of the specimen against number of cycles;
(b) measured ultrasonic amplitude (f = 40 kHz) at single monitoring point against
optically measured surface crack length (normalized with initial amplitude).
were taken as described in chapter 2 on a radial grid (figure 2.9) on the surface of
the top layer (undamaged). In all of the figures presented in this chapter the waves
are propagating from bottom to top.
During the first fatigue experiment on specimen 6, the fatigue crack started
growing on the opposite side to the starter notch and results will therefore not be
shown here. This was most probably caused by a small defect which was introduced
there during the drilling of the hole. For the other two specimens the surface area
around the hole was polished with fine sandpaper. Two different type of excitation
setups and frequencies were used for specimen 7 and 8. A PZT plate (chapter 2)
excited at 40 kHz was used to generate the guided ultrasonic waves in specimen 7.
The excitation setup (115 kHz) consisting of three PZT discs (figure 2.6) was used
for specimen 8.
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(a) (b)
Figure 7.2: Results from first set of fatigue experiments on specimen 8; (a) optically
measured crack length on bottom surface of the specimen against number of cycles;
(b) measured ultrasonic amplitude (f = 115 kHz) at single monitoring point against
optically measured surface crack length, normalized with initial amplitude (FE: blue,
solid-squares; measured: red, solid-stars;).
7.1.2 On-line fatigue crack growth monitoring
Figure 7.1a shows the optically measured surface crack length against the number of
cycles for specimen 7 (40 kHz). From this figure it can be seen that crack initiation
occurred between 85 000 and 100 000 cycles.
From the results obtained in the second set of experiments it was seen that the
crack grew quarter elliptically until it reached the thickness of the bottom layer.
After 130 000 cycles the fatigue crack had grown to a surface length of about 11 mm.
Figure (figure 7.1b) shows the amplitude (normalized with respect to undamaged
case) of the guided ultrasonic wave at the single measurement point against the
variation in crack length. It can be seen that the amplitude increases for larger
fatigue cracks.
For a 10 mm long crack through the bottom layer a significant amplitude increase
(evaluated at 40 kHz) at the single point compared to without a crack (15 %) was
observed. From the previous chapter it was seen that with the experimental setup
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used here the noise levels could be up to 10 %. In this section this will serve as an
estimate of the present noise level. It will be later shown that the actual noise levels
in the experiments presented here were slightly lower (∼ 4 %, section 7.3.2), thus the
noise level used here can be seen as an upper estimate. This means that a 10 mm
long crack could be detected with this setup. For cracks with a typical surface length
of 5 mm and through the bottom layer the increase in scattered field amplitude at
the single point was about 4 %. This crack would most probably not be detected
with the setup used here.
For this reason in the next fatigue experiment (specimen 8) the excitation setup
was changed and the excitation frequency was increased from 40 kHz to 115 kHz.
For specimen 8, crack initiation occurred between 20 000 and 30 000 cycles (figure
7.2a). The fatigue crack was first measured optically with a surface length of 1.5 mm
after 30 000 cycles. The fatigue crack grew to a surface length of 4.8 mm at 40 000
cycles. At this stage there was no observed cracking of the top layer of the specimen.
Figure 7.2b (red, solid-stars) shows the measured amplitude (evaluated at 115 kHz)
at the single measurement point against the optically measured crack length. It can
be seen that the amplitude decreases with increasing crack length. FE simulations
were performed in order to validate these results. At the time of these investigations
the FE code was not able to model cracks, so the fatigue crack was modelled as a
notch (0.5 mm wide; through the bottom layer; 1 - 5 mm long in steps of 0.5 mm).
The predictions from the FE simulations (blue, solid-squares figure 7.2b) show
a very similar decrease in amplitude with increasing crack length. The drop in
amplitude for a 4.8 mm long fatigue crack is about 17 % (about twice the noise level)
for the experiments and 15 % for the FE simulations (5 mm long notch). A defect of
this size would be detected using this measurement setup. In the next section results
from the influence of a fatigue crack on the scattered field amplitude pattern at a
fastener hole are presented.
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(a) (b)
(c) (d)
Figure 7.3: Amplitude of scattered field around hole (ro = 3 mm) at centre frequency
(115 kHz); (a) FE simulation, no defect; (b) FE simulation, 5 mm notch in bottom
layer at right side of hole (z = 0 mm, x = 3 mm); (c) experiment, no defect; (d)
experiment, 4.8 mm long fatigue crack in bottom layer at right side of hole.
7.1.3 Influence of a defect on the scattered field around a
hole
Measurements were conducted and compared to FE simulations in order to study
the influence of the defect on the scattered field. As in chapter 6 the amplitude
patterns shown here are normalized with the average of the total wave field. The
defect investigated was the fatigue crack which had grown after 40 000 cycles to a
length of 4.8 mm, through the bottom layer of specimen 8. The results obtained
from FE simulations (figure 7.3a) for the scattered field around the fastener hole
without a defect are symmetrical. From chapter 5 it was seen that the incident wave
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(a) (b)
Figure 7.4: Difference in amplitude (f = 115 kHz) between the scattered field around
a fastener hole (ro = 3 mm) and the scattered field at a fastener hole with a fatigue
crack; incident wave propagating from bottom to top; (a) FE simulation, 5 mm notch
in bottom layer at right side of hole (z = 0 mm, x = 3 mm); (b) experiment, 4.8 mm
long fatigue crack in bottom layer at right side of hole.
field between the FE simulations (figure 5.21c) and the measurements on specimen
8 (figure 5.21a) showed a good overall agreement. Good agreement between the
measured scattered field around the fastener hole (without a defect, figure 7.3c) and
the FE simulation (figure 7.3a) is observed here. However, in the experiments the
scattered field distribution is not perfectly symmetrical as the incident wave field is
not symmetrical (figure 5.21a). In the FE simulations the fatigue crack was modelled
as a notch (0.5 mm wide and 5 mm long) through the bottom layer. In figure 7.3b
it can be seen from the FE simulations that the presence of the notch results in a
small change of the scattered field. The amplitude is increased slightly before the
defect on the right side of the fastener hole, while the overall amplitude pattern is
also shifted by a small amount. The experimental results in figure 7.3d show a more
significant influence of the fatigue crack on the scattered field as compared to the FE
simulations. This can be seen more clearly in figure 7.4, where the difference between
the scattered fields (with and without defect) is taken. An amplitude decrease of
about 30 % was observed behind the crack in the experiment, while from the FE
simulations behind the defect a smaller decrease (15 %) was predicted. The most
142
Chapter 7. On-line fatigue crack growth monitoring
possible reason for this disagreement could be the difference in the incident fields
between the FE simulations and the experiments. Another possible reason is the fact
that the specimen was moved during the two scans thus shifting the measurement
grids. The qualitative change of the amplitude patterns is though quite similar
in the two cases. The measured amplitude increase of about 40 % in front of the
crack (figure 7.4b) is about the same as the change (∼ 30 %) predicted from the FE
simulations (figure 7.4a). These measured changes agree also quite well with the
measurements on a similar tensile specimen shown in chapter 6.
This section investigated preliminarily the possibility of using low frequency
guided ultrasonic waves for the monitoring of fatigue crack growth at a fastener
hole in multi-layered tensile specimens. Two frequencies were used during these
experiments. In the experiment which used a 40 kHz excitation (specimen 7), cracks
through the bottom layer and with a typical surface length of 10 mm could be
detected. For detecting smaller cracks guided ultrasonic waves of higher frequency
(115 kHz) were used (specimen 8). With this type of excitation fatigue defects with a
surface length of 5 mm resulted in a significant amplitude change. From the study of
the influence of a defect on the scattered field amplitude patterns were quite similar
between experiments and FE simulations. The largest measured (at the defect)
change due to the crack was similar to the change predicted from the FE simulations.
In both experiments and FE simulations the magnitude and area of the amplitude
change was larger in front of the crack than behind it. For this reason the location
chosen to monitor changes in the scattered amplitude in the second set experiments
was changed. Some additional changes were implemented in order to improve the
experimental setup for the second set of fatigue experiments. Some of these changes
had to do with the fatigue setup used, the measurement of the crack dimensions and
the monitoring setup used for studying the scattered field around the fastener hole.
These changes are presented in more detail in the next section for the second set of
fatigue experiments.
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7.2 Second set of fatigue experiments
7.2.1 Description
Similar to specimens 7 and 8, the specimens investigated here were subjected to cyclic
tensile loading in a servo-hydraulic testing machine. Because the initial measurement
of the crack length on specimen 8 was done after the crack had grown significantly,
in this set of fatigue experiments crack initiation was monitored initially after
10 000 cycles and there after every 5 000 cycles. After a crack had become visible the
cyclic loading was stopped every 1 000 cycles and a measurement of the ultrasonic
wave field was taken on the top layer at a single point in front of the crack
(black dot at z = -3 mm and x = 3 mm in figure 2.9b). In the previous set of
experiments the crack length was only measured optically on the surface of the
specimen. For the second set of experiments the crack depth was measured on the
inner surface of the fastener hole by placing a mirror-film at an angle inside the
fastener hole. The last modification was done on the monitoring setup used for
studying the influence of a defect on the scattered field around the fastener hole. A
scanning rig for the laser was set up close to the fatigue machine, allowing for the
scanning of the specimens while clamped. Before any measurements were performed,
the maximum tensile load was applied to the specimens (30 kN). Measurements were
then taken on a radial grid (dark area in figure 2.9) on the surface of the top layer
(layer opposite to crack location). The scanning rig improved also the repeatability
of the measurements because the location of the monitoring point could be found
much more accurately compared to the previous set of experiments which used a
tripod.
For the second set of fatigue experiments, 6 multi-layered tensile specimens
(specimen 9 - 14) were manufactured. In specimen 9 the wave propagation was found
to be not symmetrical as for the rest of the specimens, so no fatigue experiments
were carried out on this specimen. In the rest of the specimens a 6 mm diameter hole
was drilled 110 mm away from the excitation transducers. The reason for increasing
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(a) (b)
Figure 7.5: Results from second set of fatigue experiments; (a) optically mea-
sured crack length on top surface (spec.10: blue, dashed-diamonds, spec.13: blue,
dashed-triangles; spec.14: blue, dashed-crosses) and crack depth inside hole (spec.13:
red, solid-stars; spec.14: red, solid-circles) against number of cycles; (b) measured
ultrasonic amplitude (f = 115 kHz) at single monitoring point against optically mea-
sured surface crack length, normalized with initial amplitude (FE: blue, solid-circles;
spec.10: red, solid-crosses; spec.13: black, solid-dots; spec.14: green, solid-diamonds).
(from 100 to 110 mm) the distance from the previous experiments (specimen 8),
was that a higher amplitude can be found at this location (figure 5.21b). The same
excitation setup (115 kHz) as for specimen 8 was used in these experiments.
7.2.2 On-line fatigue crack growth monitoring
During the monitoring of fatigue crack growth on specimen 11, the signal changed.
This was most probably caused by a disconnection between the wire and the PZT
disc, so the results from these measurements will not be presented here. Results are
not shown as well for specimen 12, where the fatigue crack grew on the opposite layer
to the starter notch. Because of these events a couple of adjustments were carried
out for the next experiments. Once again the drilling and the surface polishing at
the hole were performed more cautiously, as well as the wire connection to the PZT
discs. Specimen 10 was the first specimen which was successfully fatigued for the
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second set of experiments. In figure 7.5a the measured surface crack length against
the number of cycles is shown for specimens 10, 13 and 14. In the same figure the
optically measured crack depth (inside surface of fastener hole) against the number
of cycles is shown for specimens 13 and 14. From this figure it is possible to see that
crack initiation occurred for all three specimens between 20 000 and 30 000 cycles.
In the first stage of crack growth the crack grew quarter-elliptically in the bottom
layer (figure 7.5a). After reaching the thickness of the bottom layer (3 mm), the
crack continued to grow as a through crack in this layer reaching a length of about
4.6 mm in specimen 10, 4.4 mm in specimen 13 and 5.8 mm in specimen 14 after 45
000 cycles. At this point there was no observed cracking of the top layer.
Figure 7.5b compares the amplitude at the single measurement point for three
specimens (10, 13 and 14) against FE simulations for different crack lengths. The
amplitude is normalized with respect to the amplitude of the scattered field at the
measurement location without the presence of a crack. In the FE simulations the
crack was this time modelled as a crack with zero width (chapter 3). From figure
7.5b it can be seen that the measured and (FE) predicted amplitude increase for
different crack lengths agrees very well with each other. The measured and predicted
amplitude increases for larger crack lengths, reaching an average change of 18 % for
the three specimens and 16 % for the FE simulations, for a 5 mm long crack through
one layer. For crack lengths typically smaller than 3 mm the results for the FE
simulations (∼ 12 %) are larger than the experiments (∼ 9 %). The larger predicted
amplitude for the FE simulations is explained by the fact that in the FE simulations
the crack was simulated through the bottom layer from the beginning, while in
the experiments the fatigue crack was growing quarter-elliptically. Seen from these
measurements is that defects with lengths typically about 2 mm (quarter-elliptical)
and below do not give any significant change in the scattered field amplitude. A
crack of this size would not be detected using this experimental setup. On the
other hand a 5 mm crack produced a similar change for all three specimens. This
change is almost twice as large as the previously estimated noise level (∼ 10 %) and
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(a) (b)
(c) (d)
Figure 7.6: Amplitude of scattered field around hole (ro = 3 mm) at centre frequency
of 115 kHz, incident wave propagating from bottom to top; (a) FE simulation, no
defect; (b) FE simulation, 6 mm notch in bottom layer at right side of hole (z = 0
mm, x = 3 mm); (c) experiment, no defect; (d) experiment, 5.9 mm long fatigue
crack in bottom layer at left side of hole (z = 0 mm, x = 3 mm).
almost five times larger than the noise observed in the next set of fatigue experiments
(∼ 4 %) and would therefore be detected.
7.2.3 Influence of a defect on the scattered field around a
hole
The influence of a fatigue crack in one of the layers on the scattered field around the
fastener hole was investigated. The scattered field around the hole was measured
before the start of the fatigue experiments and after a 5.9 mm long fatigue crack
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(a) (b)
Figure 7.7: Difference in amplitude (f = 115 kHz) between the scattered field around
a fastener hole (ro = 3 mm) and at a fastener hole with a fatigue crack; incident
wave propagating from bottom to top; (a) FE simulation, 6 mm crack in bottom
layer at right side of hole (z = 0 mm, x = 3 mm); (b) experiment, 5.9 mm long
fatigue crack in bottom layer at right side of hole (z = 0 mm, x = 3 mm).
had grown through the bottom layer (specimen 10, after 48 000 cycles). For the 3D
FE simulations the defect was modelled as a zero width crack (6 mm long) through
the bottom layer.
The results obtained from FE simulations (figure 7.6a) for the scattered field
around the fastener hole without a defect are symmetrical. The measurement of the
scattering around the hole without a defect (figure 7.6c) shows a similar amplitude
pattern to the FE simulations, but is not symmetrical as the incident wave field is
not symmetrical (figure 5.21b). The amplitude increase in front of the fastener hole
in the experiments (at z = -5 mm and x = 0 mm in figure 7.6c) is slightly different
from the FE simulations. This is most probably caused by the different incident
fields. From the FE simulations (figure 7.6b) it can be seen that the presence of the
crack results in an increase of the amplitude before the defect on the right side of
the fastener hole. Similar to the first set of fatigue experiments the measurements
(figure 7.6d) show a slightly more significant influence of the crack on the scattered
field pattern as compared to the FE simulations, but overall the amplitude patterns
look quite similar. Like for the FE simulations an amplitude increase can be seen
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in front of the crack. The shift of the amplitude patterns can be seen in both FE
simulation and experiment. The shape of the amplitude patterns around the fastener
hole is slightly different between FE simulations and experiments. As in the initial
experiments for specimen 8 the differences between FE simulations and experiments
is most probably caused by the differences in the incident field and an eventual
disbond in the experiments which is not modelled. Signs of some sort of adhesive
damage were observed on this specimen (black ellipse figure 2.10), suggesting that
the largest cause for this difference could be an eventual damage/disbond of the
adhesive layer.
The changes caused by the defect (difference between amplitudes, notch and
without notch) on the amplitude patterns are more evident for both FE simulations
and experiments in figure 7.7. In these figures the increase in amplitude in front of the
defect and the decrease in amplitude behind the defect can be seen. The amplitude
decrease found in the FE simulations behind the crack (15 %) is smaller than the
amplitude decrease observed in the experiments (30 %). The largest measured
amplitude increase of about 30 % in front of the crack (figure 7.7b), is though of
the same order as for the FE simulations (35 %). In general the observed change in
the overall amplitude pattern due to a fatigue crack between FE simulations and
experiments is quite similar. The measured overall amplitude change shown here
agrees reasonably well with the measurements shown in chapter 6 for specimen 13
(figure 6.16a) and to the measured change in the large multi-layered plate studied in
chapter 6 (figure 6.13a) for a similar defect. In front of the defect the average change
(30 %) in specimen 10 is also in good agreement with the measured average change
due to a defect in the large multi-layered plate (∼ 30 %).
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7.3 Third set of fatigue experiments: single sided
access
7.3.1 Description
In the previous sections the excitation of the guided ultrasonic waves was carried out
by placing PZT discs on both layers. This section investigates the concept for the
inspection from a single accessible side for hidden fatigue damage in the bottom layer,
exciting and monitoring from the top layer only. The excitation setup (115 kHz)
consists of two PZT discs bonded on the top layer as in the previous experiments.
The two discs were placed on the nodes of Fx2 at 4 mm from each side of the
specimen (left in figure 2.6). This type of excitation resulted in a very similar wave
field as compared to the excitation used in the previous experiments.
Another four multi-layered tensile specimens (specimen 15 - 18) were manufac-
tured for the third set of fatigue experiments. A 6 mm diameter hole was drilled
130 mm from the excitation on the multi-layered tensile specimens. The reason
for increasing the distance from the second set of fatigue experiments (from 110 to
130 mm) was that a higher amplitude can be found at this location. In these
experiments a 45o angle mirror was used instead of a mirror-film which was used
in the previous experiments for measuring the crack depth. In order to get more
measurements prior to crack initiation a measurement of the ultrasonic wave field was
taken this time every 1 000 cycles. The first two specimens (15, 16) were fatigued up
to 100 000 and 150 000 cycles where no crack initiation occurred. One of the reason
for this could be that for these specimens the holes were reamed. This could possibly
have created a plastic zone at the hole boundary which slows down crack initiation.
Specimens 17 and 18 were fatigued successfully. To investigate the influence of a
fatigue crack on the scattered field the same measurement procedure was used here
as in the previous experiments. Measurements were for these two specimens taken
prior to crack initiation and after a 6.2 mm crack had grown through the bottom
layer.
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(a) (b)
Figure 7.8: Results from third set of fatigue experiments on specimen 18; (a) optically
measured crack length on top surface (red, solid-circles) and crack depth inside hole
(blue, solid-diamonds) against number of cycles; (b) measured ultrasonic amplitude at
single monitoring point against optically measured surface crack length, normalized
with initial amplitude (blue, solid-circles).
Because the previous specimens did not develop any cracks, for specimen 17
crack initiation was monitored initially every 1 000 cycle up to 50 000 cycles. At
that point there were no visible cracks so the specimen was fatigued directly up to
80 000. At 80 000 cycles a visible crack had developed in the specimen. A measure-
ment of the ultrasonic wave field was taken (as for the second set of experiments) every
1 000 cycles. The crack continued to grow in this layer reaching a length of about
6 mm after 90 000 cycles. The measured amplitude at the single point did not show
a significant increase with increased amplitude during the fatigue experiments. The
most probable reason for this, which was observed after the experiments was that
the PZT disc had detached from the surface of the specimen.
7.3.2 On-line fatigue crack growth monitoring
In figure 7.8a the measured surface crack length (red, solid-circles) and depth (blue,
solid-diamonds) is shown against the number of cycles for specimen 18. The surface
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crack length and the crack depth were measured every 5 000 cycles up to 50 000
cycles and then every 1 000 cycles. A measurement of the ultrasonic wave field was
taken from the start of the fatigue experiments every 1 000 cycles at the same point
as in the second set of fatigue experiments. It is possible to see that crack initiation
occurred between 35 000 and 40 000 cycles. In the first stage of crack growth the
crack grew quarter elliptically in the bottom layer (figure 7.8a). After 64 000 cycle it
had grown to a surface length of 6.2 mm. At this point there were no cracks observed
on the top layer.
Figure 7.8b shows the amplitude at the single measurement point for specimen
18 against the surface crack length. The amplitude is normalized with respect to
the average amplitude of the scattered field for the first 20 measurements (without
crack) taken every 1 000 cycles from the start up to 20 000 cycles. The variation
of the measured amplitude (normalized) from these 20 measurements was further
investigated. From these measurements the mean value is 1, while the standard
deviation is about 1 % of that value. The range of these measurements (maximum
value - minimum value) is four times larger than the standard deviation. This
number (4 %) is an estimate of the noise level in these experiments and will be the
criterion for the smallest measured amplitude change needed to detect a crack. From
figure 7.8b it can be seen that the amplitude increases with increasing crack length.
For a 5 mm long crack through one of the layers the amplitude change is about
12 %. This change is in the same range as the average observed amplitude increase
(18 %) for a 5 mm long crack for the specimens shown in the previous section (figure
7.5b). The measured increase for a 5 mm long crack (12 %) is about three times
larger than the noise level. A crack of this size would therefore be detected with the
single sided excitation and measurement setup used here. With the present noise
level it is reasonable to say that quarter-elliptical cracks with a typical length below
2 mm do not produce a significant change (∼ 3 %) in the measured wave amplitude
and would most probably not be detected using this setup. This is similar to the
findings from the second set of fatigue experiments and the measurements on the
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(a) (b)
(c) (d)
Figure 7.9: Measured amplitude of scattered field around hole (ro = 3 mm) at centre
frequency of 115 kHz: (a) specimen 17, no defect; (b) specimen 17, 6.2 mm crack in
bottom layer at right side of hole (z = 0 mm, x = 3 mm); (c) specimen 18, no defect;
(d) specimen 18, 6.2 mm long fatigue crack in bottom layer at right side of hole.
large multi-layered plate (section 6.2.3) where it was seen that for defects of similar
dimensions no significant amplitude increase is observed.
7.3.3 Influence of a defect on the scattered field around a
hole
In order to perform these experiments on specimen 17 the detached PZT disc was
replaced with a new one. The influence of a fatigue crack on the scattered field was
then studied on specimens 17 and 18. The results for the two specimens (figure 7.9a,
7.9c) show the scattered field around the fastener hole without a crack with a similar
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(a) (b)
Figure 7.10: Difference in amplitude (115 kHz) between the scattered field around
a fastener hole (ro = 3 mm) and at a hole with a 6.2 mm long crack at the right
boundary of the hole in one of the layers; (a) specimen 17; (b) specimen 18.
overall amplitude pattern. Studying these two figures in more detail it is possible
to see that figure 7.9a is slightly more symmetric than figure 7.9c. This is most
probably due to the fact that the incident wave field was more symmetric (figure
5.22). Figures 7.9b and 7.9d show the scattered fields around the fastener hole for
specimen 17 and 18 respectively with the presence of a fatigue crack (about 6 mm
long). The amplitude patterns in these two figures show an overall good agreement.
Similar to what was observed for specimens 8 and 10, specimens 17 and 18 show
an amplitude increase in front of the defect (z = -3 mm, x = 3 mm in figure 7.9b
and 7.9d). The predicted amplitude increase due to the presence of the crack looks
larger for specimen 17. Results from the investigation performed on the previous
tensile specimens predicted a shift of the scattered field due to the presence of the
defect. This can also be seen in figures 7.9b and 7.9d where the amplitude patterns
are shifted clockwise. The shift and increase in amplitude can better be seen in
figure 7.10 where the difference between the scattered fields due to the crack has
been taken for the two specimens. In figure 7.10a where the amplitude change due
to the defect in specimen 17 is shown, it can now clearly be seen that the amplitude
pattern is shifted due to the presence of the crack. It is also seen that the amplitude
increases by about 35 % in front of the crack. Similar shift and amplitude increase
in front of the defect can be seen for specimen 18 (figure 7.10b). These amplitude
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patterns and the corresponding largest amplitude increase (in front of a ∼ 6 mm long
defect) are similar as for specimen 10, specimen 13 and for the large multi-layered
plate (figure 6.13a).
7.4 Summary
This chapter investigated the possibility of monitoring fatigue crack growth in only
one layer of a multi-layered structure using low frequency guided ultrasonic waves
monitored on the opposite, undamaged, layer. In the first set of experiments it was
found that waves excited at 40 kHz (centre frequency) gave a significant amplitude
change (15 %) for crack lengths of about 10 mm which would have been detected
with this setup. For crack lengths below 5 mm the amplitude change was in the
order of typical noise levels (∼ 4 %) observed during these investigations. Therefore
the excitation setup was changed and the excitation frequency increased to 115 kHz.
For these measurements a 4.8 mm long fatigue crack gave a significant amplitude
change (about four times the noise level) of about 18 % and would thus be detected.
The presence of this defect resulted in a significant change of the scattered field
amplitude pattern. The observed change was slightly larger in the experiments than
predicted from the FE simulations. One possible reason is that the incident wave
field is different in the experiments and the FE simulations. The overall change in
the amplitude patterns due to a defect was quite similar for experiments and FE
simulations.
For the second set of experiments guided waves excited at 115 kHz were employed
for the monitoring of fatigue crack growth. The measured and (FE) predicted
amplitude increase for different crack lengths agreed very well with each other. From
these measurements it was seen that a fatigue crack through one of the layers and
with a typical surface length of 5 mm produced a repeatable and significant amplitude
change (∼ 18 %) for three specimens and would thus be detected. Part through
cracks with a length of about 2 mm and below did not give any significant amplitude
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increase (∼ 5 %). This was in good agreement with the first set of fatigue experiments
and the measurements on the large multi-layered plate for similar defect dimensions
(2.25 mm long notch). The observed overall change due to the defect (6 mm long
crack) on the overall scattered field amplitude patterns was quite similar to the FE
simulations. This overall change and the average increase (in front of the defect)
was also very similar to the observed changes in the large multi-layered plate for a
similar defect.
In the last set of experiments the excitation was performed this time from a
single layer (opposite to defect layer), simulating one-sided access for hidden defect
detection. The monitoring of fatigue crack growth was performed on the same layer
as the excitation. From these experiments the noise level (∼ 4 %) was quantified from
one specimen. The observed increase in amplitude for increasing crack length was in
the same range as in the previous set of experiments. From this set of experiments a
defect with a length of 5 mm resulted as before in a significant amplitude increase
(12 %). This increase is three times larger than the noise level and could thus be
detected. On the other hand quarter-elliptical cracks with a length of 2 mm and
below would not be detected here. This is in good agreement with the previous
experiments and with the measurements on the large multi-layered plate. The change
in the amplitude pattern due to a defect (∼ 6 mm long crack) was very similar to
previous measurements on multi-layered tensile specimens and the large multi-layered
plate for similar defects.
7.5 Conclusion
Because of the similarities seen in the wave propagation and the scattering with the
presence of fatigue defects between the tensile specimen studied here and the large
multi-layered plates from the previous chapter, it is possible to draw some general
conclusions from the results presented in chapter 6 and 7.
Relating the results presented here to the previous chapter (6.2.3), where a part
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through notch in a large multi-layered plate was studied, it can be concluded that
fatigue cracks part through one of the layers and with a typical length and depth
below 2 mm would most probably not be detected in these structures using this
setup. For defects over 2 mm and below 3 mm part through one of the layers it was
seen that they produce some change in the measured signal, but that this change is
just slightly larger than the noise levels in the experiments. For defects of this size it
is difficult to draw any conclusion related to their detection sensitivity. For defects
which are through the thickness of one layer and 3 to 5 mm long the experiments
and FE simulations here show a significant repeatable change in amplitude and
could probably be detected with the setup used here. Finally it was seen in this
chapter that a fatigue crack through one of the layers and with a typical length of 5
mm would be detected in the tensile specimens by monitoring the undamaged layer.
Similar results were found in chapter 6 for a 5.25 mm long notch through one of
the layers of a large multi-layered plate. This leads to the conclusion that fatigue
cracks of this size and through one of the layers can be detected in these structures
by monitoring the opposite undamaged layer.
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Conclusions and outlook
8.1 Overview of thesis
The main aim of this chapter is to review the work done during the PhD and to
relate that to the aim of this project, which was was to study the sensitivity of
low frequency guided ultrasonic waves to real fatigue cracks in the sub-layer of
multi-layered aircraft structure. The first part of this chapter presents a review and
conclusions from the studies on the propagation and excitation of guided ultrasonic
waves in multi-layered plates and tensile specimens. Main conclusions are presented
from the studies on the scattering of these waves at fastener holes with and without
defects in multi-layered structures. Conclusions are also presented and analysed for
the fatigue experiments. In the following section the work presented in this thesis is
analysed critically and improvements are suggested. The last part of this chapter
gives some suggestions of future work.
8.2 Wave propagation in multi-layered plates and
tensile specimen
The characteristics of the low frequency guided waves propagating in the structures
had to be understood as a first step. A general review of these results and their
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implications for defect detection is given in chapter 4. Initially in this chapter
dispersion curves for guided waves propagating in infinite single and multi-layered
plates (total thickness: 6.2 mm) are presented. By comparing the dispersion curves
and mode shapes for guided waves propagating in infinite single and multi-layered
plates it was shown that for low frequencies (20 kHz) the dispersion curve and mode
shape of the lowest flexural (A0-like) mode in a multi-layered plate is similar to the
A0 mode in a single layer plate with the same thickness. For high frequencies (∼ 500
kHz, frequency thickness: ∼ 3 MHz mm) the dispersion curves and mode shapes (in
the adherents) of the A0-like mode are similar to a single layer plate with the same
thickness as one of the adherents. In the frequency range used in this thesis (35 kHz -
115 kHz) the A0-like mode is more similar to the A0 mode in a single layer plate with
the same thickness as the multi-layered plate. This result indicates that a similar
scattering behaviour at a fastener hole can be expected in these two structures at
the working frequency range.
Dispersion curves in a single layer plate strip were calculated using a SAFE
code. The SAFE calculations showed that due to the finite width of the plate
strips multiple width modes can propagate. The lowest flexural mode (Fx) showed
a relative constant amplitude across the width with slightly higher amplitude at
the edges. The constant amplitude of the lowest flexural mode makes it a suitable
candidate for fatigue crack growth monitoring. As predicted by literature, the
dispersion curve of this mode agrees well with the dispersion curve of the A0 mode
in a large single layer plate. Higher order bending width modes (Fx1, Fx2) have an
amplitude variation across the width.
Similar investigations were performed on multi-layered tensile specimens. A very
important result from these studies on the wave propagation in plate strips, is that
the thickness mode shapes for the lowest flexural mode (Fx) and the first two higher
order width modes (Fx1, Fx2) in this structure agree well with the thickness mode
shape of the lowest anti-symmetric mode in an infinite plate. This suggests that these
flexural modes in the multi-layered tensile specimens should have similar sensitivity
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for defects as the A0-like mode, which can be used for the detection of fatigue cracks
in large multi-layered structures, e.g., in aircrafts. Studies investigating the influence
of the specimen width on the wave propagation showed that more modes propagate
with increasing width, as predicted in literature.
8.3 Excitation of flexural waves in tensile speci-
men
Three techniques were presented and discussed in chapter 5 for exciting flexural modes
in the tensile specimen. Two of the techniques tried to approximate the uniform
width mode shape of the Fx mode across the width by placing a PZT plate and later
multiple PZT discs across the width. Another technique was tried for low frequencies
(35 kHz) were a limited number of flexural modes can propagate. The idea behind
this technique (mode suppression technique) was instead of approximating the mode
shape of Fx across the width, to try and suppress the first higher order mode (Fx1).
These techniques excite mostly the flexural modes and only to a smaller extent
torsional and longitudinal modes. The wave propagation was studied experimentally
by investigating the wave propagation and especially the interference between the
two flexural modes, Fx and Fx1. These results were compared to FE simulations.
Similar investigations were done on the multi-layered tensile specimen which used
the mode suppression technique to obtain a repeatable and relative constant incident
wave field. The amplitude at the location of the fastener hole were compared between
these specimens.
Using a PZT plate as excitation in a single layer tensile specimen (35 kHz), it was
not possible to isolate the lowest flexural mode. Results from these measurements
showed an amplitude variation across the width and length of the specimens. This
variation was caused by the interference of the two flexural modes that can propagate
at this frequency (Fx and Fx1). The methodology developed to estimate their
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amplitude ratio (Fx/Fx1) studies this interference. This excitation setup excited
mostly the Fx1 mode (amplitude ratio below one), resulting in a non uniform incident
field with large amplitude variations across and along the specimen. The reason for
this is that the force exerted by the PZT plate on the structure is not uniform across
the width, exciting in this way more the first higher order mode (Fx1).
Different to the results from the FE simulations where an increase in amplitude
ratio (Fx/Fx1) for an increasing number of PZT discs was predicted, the measured
amplitude ratios for the method using multiple PZT discs resulted in similar amplitude
ratios for one, three and five discs. The measured amplitude ratios (below one) were
of the same order of magnitude as for the PZT plate. By increasing the number of
discs it was also seen that it was more likely to excite a torsional mode. The mode
suppression technique which used only two discs, resulted in a four times higher
amplitude ratio compared to the two previous techniques, but did not manage to
isolate the Fx mode. FE simulations which modelled the PZT discs as point forces,
predicted a much higher amplitude ratio (∼ 20). Possible reasons for the large
difference between the FE simulations and the experiments are the position accuracy
of the PZT discs and the extra added mass due to the discs which was not modelled.
The influence of the position accuracy was studied and it can be concluded that this
cannot explain this difference, thus the most probable reasons are the extra added
mass of the discs and the interaction between the guided waves and the discs.
Since it was not possible to isolate the Fx mode in the more simple single layer
structure the mode suppression technique was used to try and excite the Fx1 mode
in the multi-layered tensile specimen instead. The mode suppression technique used
here did not excite a single mode (Fx1) as intended, but excited multiple flexural
modes causing an amplitude variation. Due to time constraints it was decided to
move ahead with this excitation setup. The resulting incident wave field amplitude
was repeatable at a location where the fastener hole was located, showing a high and
relatively constant amplitude for all of the specimens investigated. Locally around
the fastener hole, scattering similar to that of an A0-like flexural mode in a large
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plate can be expected, as the mode shapes through the thickness are similar. For the
last specimens which were fatigued the excitation was performed from a single side.
This excitation was used in order to prove the concept of hidden fatigue damage
detection by single sided access. Good repeatability was observed between the two
specimens, producing an area of high amplitude at the centre of the specimens. The
measured amplitude patterns looked very similar to the amplitude patterns obtained
with the previous excitation setup which used three PZT discs.
The studies on the wave propagation in the multi-layered tensile specimen and
large plates helps to understand the waves in these structures. A method combining
different measurements of the interference pattern at different width locations was
used for measuring the relative amplitude ratios between the propagating modes
in the tensile specimens. Using this methodology it was seen that PZT plates and
multiple PZT discs are not very useful for isolating a single mode at low frequencies.
The used technique of mode suppression gave a better wave propagation compared
to these methods.
8.4 Scattering and defect detection in large plates
Chapter 6 presented results from studies performed on the scattering of flexural
waves at a fastener hole with and without defects in single (notch through the
thickness) and multi-layered plates (notch through and part through one layer).
Preliminary experiments and FE simulations were carried out on a single layer plate.
The theoretical scattering calculation at a fastener hole in a single layer plate was
compared against FE simulations for the scattering in a multi-layered plate at the
working frequency (115 kHz). Experiments for the scattering of the A0-like mode at
a fastener hole with and without a defect were performed and compared with FE
simulations. The obtained results from the FE simulations for a large multi-layered
plate were also compared to the scattering in a multi-layered tensile specimen.
From the measurements of the scattering and defect detection at a fastener hole
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in a single layer plate it was seen that the amplitude pattern was shifted with larger
shifts for larger defects in single layer plates. The experimental results showed a
good agreement to FE simulations.
The scattering at a fastener hole in a single layer plate obtained by theory was
compared against the FE results for the scattering in a multi-layered plate with the
same total thickness as the single layer plate. From this comparison a good general
agreement was found between the two cases. This verifies the initial hypothesis for
the similarities in the scattering between these two structures.
Experiments for the scattering of the A0 like-mode (f = 115 kHz, λ = 15.8 mm) at
a fastener hole in the multi-layered plate showed good agreement with FE simulations
used for these investigations, thus verifying the FE model. Results from experiments
and FE simulations for a 2.25 mm long rectangular notch approximately 2
3
through
one of the layers (3 mm thick) showed a very small amplitude change (opposite
layer) due to the defect, suggesting that this size of defects (∼ λ
7
) cannot be detected
by monitoring the undamaged opposite layer. For a rectangular notch through one
of the layers and with a length of almost one third of the wavelength (5.25 mm)
experiments and FE simulations agree well with each other, both showing a significant
(∼ 25 %) amplitude increase in front of the defect on the opposite (undamaged)
layer. Similar studies were performed for real fatigue cracks in multi-layered tensile
specimens. Comparing the results from the scattering in a large multi-layered plate
to the scattering in a multi-layered tensile specimen with the presence of a fatigue
crack (6 mm long and through one layer) a good overall agreement was observed
between them, but with the tensile specimen predicting a slightly larger influence of
the defect on the scattered field amplitude. This suggests that similar sensitivity to
this type of defects can be expected in these two structures.
These studies of the scattering of low frequency guided anti-symmetric waves
at fastener holes in multi-layered plates contributed to the understanding of this
phenomena. This type of investigation on multi-layered structure has not been
carried out to a large extent before. The presented results helped also to understand
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the scattering in a multi-layered tensile specimen. The results for the tensile specimen
can be used to predict the sensitivity to defects in a large multi-layered plate. In
this chapter the FE code was verified for the scattering in single and multi-layered
structure. Finally, a detection limit for the multi-layered plates was proposed.
8.5 Fatigue crack growth monitoring
Results from the fatigue crack growth monitoring in multi-layered specimens using
guided ultrasonic waves were presented in chapter 7. Three sets of experiments
were performed during these investigations. The first set of experiments included
three multi-layered specimens, but only two were fatigued successfully. From these
experiments it was seen that low frequency guided ultrasonic waves (40 kHz) were
not sensitive enough to detect fatigue cracks. Increasing the frequency to 115 kHz the
guided waves showed greater sensitivity to fatigue cracks. In this case the measured
and predicted (FE) amplitude of the ultrasonic wave field on the undamaged layer
(behind the location of the crack), decreases almost linearly for increasing crack
lengths. Reasonably good agreement was found between the amplitude decrease
predicted from the FE simulations for a 5 mm long through notch and the drop in
amplitude for a 4.8 mm long fatigue crack. The observed change of the scattered
field amplitude pattern due to this defect was slightly larger in the experiments than
the FE simulations. This is believed to have been caused by the difference in the
incident wave.
For the second set of fatigue experiments, three multi-layered specimens were
fatigued successfully. The on-line fatigue crack growth for all of the investigated
specimens showed a similar increase in the monitored amplitude for different crack
lengths, making it possible to detect fatigue cracks. The average amplitude increase
for the three specimens was about 18 % for a 5 mm long crack (through one layer)
and a 16% change in the FE simulations. This defect produces a change larger than
the noise level (∼ 4 %) and would have been detected. For crack lengths smaller
164
Chapter 8. Conclusions and outlook
than 2 mm no significant amplitude change was observed. The measured influence
of the defect on the overall scattered field was similar to the predictions from the FE
simulations.
In the third set of fatigue experiments four more specimen were manufactured.
A single sided access was used for the excitation and measurement. From these four
specimens only one was fatigued and monitored successfully. For this specimen the
monitored amplitude showed a similar increase for increasing crack lengths as in the
second set of fatigue experiments, validating the single sided access for fatigue crack
detection. The amplitude increase for a 5 mm long crack (through one layer) was in
this case about 12 %. This increase was in the same range as for the second set of
fatigue experiments for a similar defect. From this experiment an estimate of the
noise levels was obtained. The noise level in this experiment (∼ 4 %) was seen to be
about three times lower than the increase in amplitude due to a crack of detectable
size (5 mm long).
From the fatigue experiments on the tensile specimens and the scattering calcula-
tions on the large multi-layered plates, it is possible to draw some general conclusions.
It can be concluded that fatigue cracks part through one of the layers and with a
typical length and depth below 2 mm (115 kHz, ∼ λ
7
) would most probably not be
detected in these structures with the experimental setup used here. On the other
hand a fatigue crack through one of the layers and with a typical length of about
5 mm (115 kHz, ∼ λ
3
) produces a change in the scattered field amplitude which is
about four times larger than the estimated noise level. This defect can be detected
in the tensile specimens by monitoring the opposite (undamaged) layer. This thesis
showed that the flexural guided wave modes in multi-layered tensile specimen are
very similar to the lowest anti-symmetric mode, used for defect detection in a large
plate. Because of this and the fact that the influence of a fatigue crack on the
scattered field in the tensile specimens showed a good overall agreement with a large
plate for similar defects, it can be concluded that similar sensitivity to fatigue cracks
can be expected in these two structures.
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8.6 Critical review
Before proposing any future investigations that might be undertaken after this work
it is useful to address some points in this thesis and to propose ways in which the
investigations could have been improved.
The investigations which looked in to the excitation of the lowest A0 mode in the
tensile specimen took a significant time to perform. Taking this into account and the
fact that it was not possible to isolate this mode needs some explanation. The initial
idea was to use PZT plates for the excitation of the guided waves. During the course
of this work it was seen that this was not possible. Further investigations using SAFE
were therefore undertaken in order to understand the waves in these structures which
were excited by the PZT plates. Another method using multiple PZT discs did not
manage either to excite and isolate a single mode. The measurements performed
for these studies did not agree with the FE simulations. Similar to what has been
observed by other authors the difference is most probably caused by the interaction
between the guided waves and the PZT discs and the extra added mass (disc) which
is not taken into account in the FE simulations. Due to the difficulties in the
modelling of PZT material and time constraints, the PZT discs were not modelled
here. Nevertheless the excitation setup used in the fatigue experiments managed to
generate a repeatable incident wave field which was fairly well understood.
A problem encountered during these investigations was the actual manufacturing
of the multi-layered structures. This was mainly due to the limitation of the equipment
available for bonding plates together. Usually an autoclave and an adhesive film
would have been used to bond the plates together. Despite not using an autoclave
the adhesive layers in the multi-layered tensile specimens were acceptable. The large
multi-layered plate showed a larger variation, thus using an adhesive film would have
improved the quality of the adhesive layer.
In the investigations presented here the A0-like mode was used for the detection
of sub-layer fatigue cracks. The choice of this particular mode was based on the
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fact that it was easy to excite and measure with the available equipment, but also
because of the experience within the research group which utilizes this type of mode
for defect detection. In these studies no investigations were made in order to quantify
the effect of damping in these structures. It has been shown that the attenuation
is frequency dependent in these structures increasing for higher frequencies. The
guided waves employed here were used at low frequencies in order to obtain only a
small damping. The employed mode is not the only mode which could have been
used in the studies presented here. Another possible mode which could be used at
low frequencies and which has good sensitivity to defects in single layer plates is
the S0 mode. To detect smaller defects than those detected here, guided ultrasonic
waves at higher frequencies should be used. In this case the damping has to be taken
into consideration.
To exclude reflections from the boundaries the FE geometry had to be made quite
large. In order to reduce the size of the FE models and thus reduce computational
time, absorbing boundary conditions could have been used. It must be said that the
points mentioned would most unlikely have altered the results and main conclusions
in a significant way.
8.7 Future work
8.7.1 Excitation of guided waves in tensile specimen
Since these specimens are used in various kind of fatigue experiments which involve
damage detection using guided waves, it would be interesting to obtain an excitation
which can isolate the lowest guided wave modes making the interrogation much
easier. The excitation using a PZT plate could be used to isolate a single mode, but
further studies (FE and experiments) need to be done in order to understand its
vibration characteristics. FE simulations of the wave propagation in tensile specimen
using PZT plates or multiple discs should model the PZT itself and the bond layer.
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Other type of transducers which could be investigated for this purpose are EMATS,
laser line sources or wedge transducers which can prescribe the wavelength as for
higher frequency guided waves.
8.7.2 Scattering
The scattering of the A0-like mode (low frequencies) at a fastener hole with and
without defects was quite well understood. Other modes such as the S0-like mode,
or higher frequencies could be investigated in the future for the detection of defects
in multi-layered structure. Further studies could be deployed to investigate the
possibility of detecting sub-layer defects in multi-layered structure when the adhesive
is missing at the fastener hole, a common problem in the inspection of aircrafts.
These studies could focus on understanding the scattering under these conditions.
8.7.3 Fatigue crack growth monitoring
As mentioned higher frequency guided waves could be used for the detection of
smaller fatigue cracks. To study the sensitivity of these waves to sub-layer defects
similar fatigue experiments to those presented here could be performed. For this
type of experiments it should also be easier to find appropriate excitation which is
crucial for obtaining repeatable results. This could be e.g. done by a commercial
variable angle wedge transducers, which also allows for selecting appropriate modes.
8.7.4 SHM in aircrafts
From this work it was seen that the methodology which used low frequency guided
ultrasonic waves proved to be sensitive to defects through one layer (5.25 mm long
∼ λ
3
). In the future it would be interesting to investigate the possibility of high
frequency guided ultrasonic waves for detecting and sizing smaller defects in real
aircraft structures. Obviously a disadvantage with this could be the attenuation
which could make the monitoring of large areas difficult. Nevertheless high frequency
waves could be used for inspecting fatigue damage at fastener holes or be part of a
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short-range SHM system which monitors structurally important sub-structures of
aircrafts.
In the beginning of this thesis it was mentioned that the aircraft industry is
currently investigating the possibility of integrating a SHM system in aircrafts.
In order for the work here to have a more practical relevance to this industry,
fatigue crack monitoring experiments would need to be conducted on more complex
multi-layered structures as those found in aircrafts.
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